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PROLOGUE 

Chemotherapy, ns its nnmo implies, is a hybrid subject. Its 
boundaries stretch from organic chemistry, through bio- 
chemistry and physical chemistry to bacteriology, pharma- 
cology and therapeutics. Bccauso of the breadth of its field, 
we considered a book on chemotherapy covering several of 
these aspects might be a useful contribution to a rapidly 
developing subject. Although therapeutic use of any chemical 
might be regarded as chomotherapy, it is usual, in practice, 
to restrict the meaning of the term to the chemical treatment 
of diseases of microbial origin with a view to eliminating tho 
microbial infection. Such a restriction has been adhered to 
in this book. 

We have attempted to weld many diverse sciences into a 
singlo framework in order to find a basis for chemotherapy. 
In so doing, wo must inevitably cover ground familiar to 
specialists in each field. Tho trained organic chemist may 
regard our exposition of chomical theory as superfluous, tho 
pxpert microbiologist may consider that wo havo included 
unnecessary fundamentals of bacteriology, while tho specialist 
in biochemistry may feel that we have wasted space in a 
detailed account of enzymology and cell physiology. It has 
been our aim, however, to provide a sufficient background to 
each subject so that the student of chemotherapy may be 
lured into the study of subjects outside his own original field. 

The history of chemotherapy during the last half century 
is largely one of painstaking development by the organic 
chemist of chance observations made by tho experimental 
pathologist or the microbiologist. Only those who have 
played a part in this development can realise the immense 
effort that has gone towards the perfection of clinically useful 
drugs. In seeking a theoretical basis for our subject, we may 
seem to have done less than justice to this aspect, but it is 
already covered by standard works. The theoretical develop- 
ments with, which we are concerned provide no royal road to 
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the production of new chemotherapeutic drugs, but they begin 
to provide a rationale for the whole subject. If this book 
does something to focus attention upon the modes of action of 
drugs rather than upon the synthesis of ever more variants 
on their chemical structure, it will, to some extent, have fulfilled 
its purpose. 

We ask the indulgence of those more expert than our- 
selves ; we arc amateur authors with a limited fund of time 
and energy available after full days at the laboratory bench. 
Wo should be grateful, therefore, if our colleagues would 
draw our attention to any obscurities or inaccuracies so that 
wc may subsequently rectify them. 
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The Microbe is so very small 
You cannot make him out at all, 

But many sanguine people hope 
To see him through a microscope. 

His jointed tongue that lies beneath 
A hundred curious rows of teeth ; 

His seven tufted tails with lots 
Of lovely pink and purple Bpots, 

On each of which a pattern stands. 
Composed of forty separate bands ; 

His eyebrows of a tender green ; 

All these have never yet been Been — 

But Scientists, who ought to know. 

Assure us that they must be bo . . . 

Oh / let vs never, never doubt 
What nobody is sure about. 

H. Belloc. 



CHATTER I 

HISTORICAL INTRODUCTION 
Traditional remedies 

(TnE art of chemotherapy is as old as civilisation ; the scicnco 
of chemotherapy is the child of to-day^ Treatment of discaso 
has always been associated with administration of medicines ; 
while many of these wero worthless and overlaid with super- 
stition and magic, others were of Teal value, recognised no doubt 
by acute observation following a process of trial and error. 
To-day a more scientific basis for the use of certain of these 
medicines has gradually developed through the systematic 
isolation and testing of their activo principles. 

( In the East, particularly in China, herbal remedies have 
been in uso for more than fivo thousand years. About 
3000 B.c. the Emperor jShcng Nung recorded many of the known 
remedies in the Book of Herbs. Even now, the curativo value 
of many of these has not been scientifically investigated, but 
in some cases the active principles havo been isolated and their 
therapeutic value established. The plant Ma Huang, of 
tho ephedra species, was noted by' Sheng~Nung^to~ be a 
diaphoretic and circulatory Btimulant. In 1887 tho alkaloid 
ephedrino was isolated from the plant by Nagai, but its 
therapeutic value was not recognised until after 1023, 
wh en Chen showed that a decoction made from Ma Huang 
produced an effect on blood pressure Bimilar to that of adrena- 
line (Chen and Schmidt, 1923). Tho drug Ctiang Shang was 
also included in the Book of Herbs where it was stated to bo 
valuable against malaria paroxysms and similar fevers. Tho 
antimalarial action of an extract of Ctiang Shang has recently 
been confirmed and tho active alkaloid identified (Tonkin 
and Work, 1945 ; Koepfli, Mead and Brockman, 1947). 

Many other traditional remedies havo yielded activo 
principles which are still in use to-day. Tho fruit of the Kalaw 
or chaulmoogra tree was used by the ancient Hindus for the 

1 A 
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cure of leprosy. An oil from the seed, chaulmoogra oil, was 
introduced into Western medicine in 1854 by Mourat, and is 
still used extensively in the treatment of leprosy. The 
anthelminthic, oi l of clionopodiu m, from the tree Cheno- 
podium anthelmintkicum, was probably used by the Aztecs 
as well as by Eastern civilisations, as is indicated by the two 
names, Jerusalem Oak and Mexican Tea. Male fern was 
esteemed by the Greeks and recommended by Theophrastus, 
Phny and Galen ; while the plant Artemisia maritima, which 
has yielded the anthelminthic d rug^ aantqnin, was “known to 
Greek, Roman and Arabic medicine. Ipecacuanha root was 
introduced in 1658 by Guillaume le Pois into Europe^ from 
Brazil, where its medicinal qualities in curing diarrhoeas were 
known to the natives. The root is also said to be an ancient 
Indian and Chinese cure for chronic dysentery. An alkaloid, 
emetine,, isolated from ipecacuanha by Pelletier and Magendie 
in 1817, was shown by Tull Walsh in 1891 to be active against 
amcebic dysentery. 

Other valuable plant products were known to the ancient 
civilisations of South America. The Spanish conquest of 
these countries' in the sixteenth century led to the intro- 
duction into Europe of several drugs believed to have been 
in use by the natives before conquest. Cinchona bark, 
originally known as Jesuit bark, was brought to Spain in 
1633 by the Jesuits, who are supposed to have been told 
by Peruvian natives of its curative properties for fevers. The 
first record of its use has been found in the writings of an 
Augustinian monk, Antonio de la Calancha, who stated in 
1633 that the bark of the “ fever tree ” cures “ the fevers and 
tertianas ; it has produced miraculous results in Lima.” 
Tradition tells that the Countess of Chincon, wife of the 
Viceroy of Peru, was cured dramatically of a malarial fever 
in about 1630 ; also that the name “ Cinchona,” introduced 
by Linngeus for the plant genus, was suggested by her title. _ 
Recent research (Haggis, 1941) has, however, shown that this 
particular lady died before her husband went to Peru, and 
that the second wife never contracted a fever during her 
husband’s stay there. The Viceroy himself was much troubled 
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with fevers which were treated Try traditional bleeding methods 
but ho was never cured by administration of any kind of drug. 
The alkaloid quinine, which was isolated in 1820 from cinchona 
bafITby'PclIeOerah3~Caventou , has boon, up till recently, the 
most effective euro known for malaria. 

Growth of European medicine 

European medicine may bo said to have been founded by 
Hippocrates in the fourth cen tu ry u .c. Later, Gale n (a.d. 
131-200) established* a formal system of medicino which 
persisted practically unchanged for 1500 years. Galen b elieved 
that a state of bodily, health was preserved by tlic presence 
in their proper proportions of the four humours— heat, cold, 
dryness hnd moisture. Diseaso was supposecTfo result from 
a disturbance of ’fife balance of these humours and could bo 
cured by administration of various drugs possessing thoso 
fundamental qualities. Galen rejected the use of simple 
metallic remedies such as mercury, which seem to have been 
used at that time, and introduced a complicated system of 
therapeutics based upon herbal remedies.^ * 

Bound by Galen’s formidable mixtures, European medicine 
suffered a long period of stagnation which was not relieved 
until the sixteenth century when a fresh spirit of inquiry 
became evident. (Galen’s doctrines were largely modified 
by the teachings of Paracelsus (Theophrastus von Hohonheim, 
born 1493), Much of Paracelsus’ medical theory was overlaid 
with a nonsensical mass of astrology, mysticism and alchemy, 
but he ridiculed the absurd mixtures of herbs advocated by 
Galen’s followers, and substituted some simple and powerful 
remedies, many of them metallic. He believed that there 
was a specific remedy for each disease, and was able to 
contribute one specific to medicine — namely, mercury__for 
s yphilis . This cure had been in use sporadically for some 
time, and its successful application by Paracelsus did much 
to popularise his other mineral cures, such as antimony. 

Unfortunately these metallic medicines (tartar emetic, 
calomel, etc.) became over-popular. They are mostly highly 
poisonous, and it is probable that over-dosage with this type 
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of drug was responsible for much additional sickness and 
suffering. Antimony, in particular, seems to have enjoyed 
much popularity in the sixteenth century. The metal was 
used to make goblets in which wine was allowed to stand 
until it had acquired emetic properties, and everlasting pills 
of the metal were administered and recovered for future use 
after they had fulfilled their function. In 15G6 the doctors 
of Paris decided, not without considerable opposition, that 
antimony was a poison, not a remedy, and its use was 
banned by Act of Parliament. However, in 1657, Louis XIV" 
was treated with antimony for typhoid fever, and, as a 
consequence of his recovery, antimony was restored to the 
pharmacopoeia. 

In addition to metallic remedies, European medicine 
boasted, until fairly recently, a strange array of drugs ; pearls, 
musk, crocodile dung, unicorn’s horn, Egyptian mummy, 
sarsaparilla and many other strange substances were used in 
decoctions. The moss scraped from the skull of a criminal 
who had hung in chains, known as “ usnea,” was endowed with 
remarkable curative properties ; it was an official drug in the 
pharmacopoeia until the nineteenth century. 

Although the seventeenth century saw the Spanish 
introduction into Europe of cinchona bark as an antipyretic 
and also of ipecacuanha, conservative medical groups viewed 
the new drugs with suspicion becauso their use did not conform 
to the teachings of Galen. Others looked upon cinchona with 
equal suspicion because tho Jesuits sold it. The first official 
recognition, came in JL677 when cinchona bark was included 
in the London Pharmacopoeia under the title “ Cortex 
Peruanus .” Ipecacuanha evidently obtained popularity as a 
cure-all, for it is included in tho famous diaphoretic “Dover 
powders ” compounded by the buccaneer physician, Dr Dover 
(1600-1742). 

£ Germ theory of disease 

By the beginning of the nineteenth c entury, a certain 
amount of scientific method was being'' introduced into 
medicine, and doctors were learning to assess by experiment 
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whether a drug was of value in curing a certain disease^ This 
led to elimination of many useless drugs, hut not to introduc- 
tion of new ones. (Tor this to take place on anything except 
an empirical basis, it was first necessary for the cause of 
disease to be understood. ^ 

^The germ theory of diseaso was not established until the 
middle or late nineteenth century^ Its forerunner was a 
theory of the contagious nature of diseaso propounded in 154G 
by~ Girolamo Fracastoro of Verona. At this time, diseaso 
was considered to be due either to divine displeasure or to 
elemental causes, such as comets, earthquakes, floods or 
changes in the air. Malaria, known as “ shivering ague,” 
was, for example, attributed to a nocturnal “ miasm.” 
Fracastoro explained contagion by postulating the existence / 
of seeds of disease which were capable of being propagated from | 
one individual to another. Propagation occurred by direct 
contact, by contact with fomites (objects which conserve the 
seeds), or at a distance. Ho gave accurate descriptions of 
Italian epidemics of typhus, plague, rabies and syphilis, and 
produced a valuable account of the general therapy of 
contagions. His work was held in tho highest reputo during 
his lifetime, but by the end of the sixteenth century it 
had been forgotten, and all that Fracastoro had acliieved 
had to be rediscovered in tho nineteenth century. 

(The first proof that disease of any kind is associated with 
living micro-organisms resulted from work on silk -worms,) 
published by Agostino Bassi of Lodi in 1835. He demonstrated 
the existence of transmissible pathogenic micro-organisms 
which caused the silk -worm disease mal del segno, and 
propounded a theory of contagion in such human diseases 
as syphilis, variola, typhus, plague and cholera. He also 
wrote on the destruction of germs by heat and chemicals. 
(Study of anthrax by various investigators, .notably Davaine, 
between 1850 and 1865, provided the first scientific proof of 
fche^ association of disease in animals with micro-organisms) 
Tho work concluded with a statement by Davaine that bacteria 
are the cause of anthrax. This was confirmed and firmly 
established by Pasteur, who, after successive subculture of 
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of drug was responsible for much additional sickness and 
suffering. Antimony, in particular, seems to have enjoyed 
much popularity in the sixteenth century. The metal was 
used to make goblets in which wine was allowed to stand 
until it had acquired emetic properties, and everlasting pills 
of the metal were administered and recovered for future use 
after they had fulfilled their function. In 1566 the doctors 
of Paris decided, not without considerable opposition, that 
antimony was a poison, not a remedy, and its use was 
banned by Act of Parliament. However, in 1657, Louis XIV" 
was treated with antimony for typhoid fever, and, as a 
consequence of his recovery, antimony was restored to the 
pharmacopoeia. 

In addition to metallic remedies, European medicine 
boasted, until fairly recently, a strange array of drugs ; pearls, 
musk, crocodile dung, unicorn’s horn, Egyptian mummy, 
sarsaparilla and many other strange substances were used in 
decoctions. The moss scraped from the skull of a criminal 
who had hung in chains, known as “ usnea,” was endowed with 
remarkable curative properties ; it was an official drug in the 
pharmacopoeia until the nineteenth century. 

Although the seventeenth century saw the Spanish 
introduction into Europe of cinchona bark as an antipyretic 
and also of ipecacuanha, conservative medical groups viewed 
the new drugs with suspicion because their use did not conform 
to the teachings of Galen. Others looked upon cinchona with 
equal suspicion because the Jesuits sold it. The first official 
recognition came in ^1677 when cinchona bark was included 
in the London Pharmacopoeia under the title “ Cortex 
Peruanus .” Ipecacuanha evidently obtained popularity as a 
cure-all, for it is included in the famous diaphoretic “ Dover 
powders ” compounded by the buccaneer physician. Dr Dover 
(1660-1742). 

^ Germ theory of disease 

By the beginning of the nineteenth c entury, a certain 
amount of scientific method was being 'introduced into 
medicine, and doctors were learning to assess by experiment 
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isolated and characterised. Even the origins of protozoal 
"diseases "were recognised, the malaria parasite being described 
by Laveran in 1880. Itwas at this timo that the science of 
chemothera py was conceived. The thoughts of investigators 
in bacterial medicine naturally turned to methods of destroy- 
ing bacteria by drugs after they had invaded the host, as well 
as by disinfectants outside the body.J It is interesting that\\ 
the first experiments on chemotherapeutic treatment should 
have been made by the investigator who did so much to 
establish bacteriology.' fin 1881 Koch infected guinea-pigs 
with anthrax bacilli, and treated them with subcutaneous 
injectionsof a solution of mercuric chlorido, used because of 
its powerful in-vitro bactericidaTaction on micro-organisms. 
The animals died of anthrax in forty-eight hours, in spite of 
dosage, both before and after inoculation, of an amount of 
mercuric chlorido sufficient to prevent all bacterial growth 
in broth. 

This pioneer experiment showed at once one of the main r 
difficulties still encountered to-day in chemotherapy : namoly, } 
substances which are highly_nctivc against micro-organisms 'J 
IrTvttro^ &ro often_incfrcctjye_in^ vivo. I Even before Koch’s 
experiment, an indication of this difficulty had appeared ; 
Baxter (1875), using vaccine lymph and glanders nodules, 
showed that organic matter diminished the activity of dis- 
infectants. We now know that many disinfectants are 
adsorbed by proteins, so that the uptake of disinfectant by 
the proteins of host blood and other cells diminishes the 
amount available to combat infecting organisms. 

[^Effect of dyes on tissues and micro-organisms 

The important subject of distribution of drugs in the body 
was continually stressed by Ehrli ch, father of the science 
of chemotherapy. Ehrlich’s first work was on the distribution 
of dyestuffs in the animal body (summarised, 18 85} A His 
interest in this field was aroused, when lie was a student, 
by a paper on lead poisoning, by Heubel, claiming that organs 
in which lead accumulated could also fix the metal from 
solution after death. Ehrlich was led from this work to 
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oxygen of these side-chains was assumed to vary in different 
organs. Here wo find the germ of Ehrlich’s side -chain theory 
on which he later based his chemotherapeutic theories. 

It was natural at a time when new developments were 
continually being made in bacteriology, that Ehrlich should 
turn his attention to staining of bacteria. In 1881 ho found 
that bacteria as well as tissues were Btained by methylene blue. 
In~f882 ho developed an acid-fast stain for tubercle bacillus 
which is the" - essence of the Ziehl-Neelscn staining method used 
to-day, and which consists - of an aniline-water solution of 
methyl violet or other aniline dye, with vesuvin or methylene 
blue as a counter-stain. This aniline-water mothyl violet 
mixture of Ehrlich was also used by Christian Gram (1884) 
in the now universally known “ Gram stain.” Tiio Gram process 
of staining has divided bacteria into two groups, Qram- 
negative and Grarmpositive, according to whether they retain 
the aniline dye after suitablo treatment. This grouping is 
also found to divide bacteria according to their susceptibilities 
to the action of bacteriostatic agents, basic dyes, detergents 
and antibiotics. - Gram-positive organisms aro attacked under 1 
normal conditions by such agents. Gram-negative organisms 
are frequently more resistant, but are more susceptible to 
enzymic digestion and to lysis by immuno serum in the 
presence of complement. \ Henry and Stacey (1943, 1946) 
showed that the fundamental difference betwcon Gram- 
positive and Gram-negativo organisms is related to the 
presence in Gram-positive organisms of a magnesium ribo- 
riucleate \ which can bo separated from the “ cytoskeleton ” v 
by suitable extraction methods. The “ cytoskeleton,” which 
is Gram -negative, can be recombined with magnesium -ribo- 
nucleate and then stains Gram-positive. once more. 

( The bactericidal action of dyes was early recognised. 
Rozsahegyi (1887) cleariy jiemo nstrated that various species 
of bacteria do not develop on nutrient gelatin in the presence 
of dyes such as carmine, methylene blue, gentian violet, 
vesuvin, fuchsin or methyl violet,, and pointed out that 
certain dyes possess a selective action against certain micro- 
organisms.^ The potent action of aniline dyes on bacteria was 
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believe “ that the ways and means by which drugs are 
distributed over the body must be of the groatest importance 
in the rational development of therapeutics ” (Ehrlich and 
Hata, 1911). Accordingly, he examined the distribution of 
dyestuffs, first in blood, and next in living animals. Dyestuffs 
were chosen because of the obvious ease in following their 
distribution. An early result of this work was the differentia- 
tion and classification of various types of body cells, particularly 
blood leucocytes. Following this, Ehrlich carried out his well- 
known experiments on vital staining. On killing an animal 
some time after injection of methylene blue, he found that the 
only tissues dyed were those of the nervous system, all the 
nerves being sharply defined along their whole length. By the 
use of many different dyes, he found that certain dyes stained 
specifically certain organs or types of cells, while others were 
fairly general in their action. For example, many basic dyes 
such as Bisraark brown, neutral red, flavanilin or methylene 
blue stained nerve tissue only, while only one acidic dye, 
alizarin, had this property. These so-called “neurotropic” 
dyes lost this property on conversion to sulphonic acid 
derivatives. These facts were explained by Ehrlich by assum- 
ing that acidio dyes are bound in the blood by the alkali 
present, while basic dyes are not held in blood by any chemical 
affinities and are thus freer to diffuse into surrounding tissues. 
He emphasised that similar differences in distribution of 
colourless substances in the body are likely to occur. 

Other interesting results of the study of vital staining were 
series of experiments on the oxygen requirements of organs. 
After injecting either alizarin blue or indophenol in the 
colloidal state into the circulation of an animal, Ehrlich 
found, on killing the animal, that some organs were coloured 
blue, while other organs had reduced the dye and contained 
the colourless leuco product. Organs which ordinarily did 
not reduce the dye, did so when a state of asphyxia was 
established. From this work he deduced the relative combining 
powers for oxygen of different tissues. The results were 
explained on the supposition that in cell protoplasm side-chains 
existed whoso function was oxygen fixation ; the affinity for 
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oxygen of these sido-chains was assumed to vary in different 
organs. Hero wo find the germ of Ehrlich’s side-chain theory 
on which ho later based his chemotherapeutic theories. 

It was natural at a time when new developments were 
continually being made in bacteriology, that Ehrlich should 
turn his attention to staining of bacteria. In 1881 ho_ found 
that bacteria as well as tissues wore stained by methylene blue, 
in ' 1882 lie developed an acid-fast stain for tuberclo bacillus 
which is the” essence of the Zich l-Neelsen staining method used 
to-day, and which consisfs of 'an aniline-water solution of 
methyl violet or other aniline dye, with vesuvin or methylene 
blue as a counter-stain. This aniline-water methyl violet 
mixture of Ehrlich was also used by Christian Gram (1884) 
in the now universally known “ Gram stain.” The Gram process 
of staining has divided bacteria into two groups, Gr am - 
negative and Gram jositive, according to whether they retain 
the aniline dyo after suitablo treatment. This grouping is 
also found to divide bacteria according to their susceptibilities 
to the action of bacteriostatic agents, basic dyes, detergents 
and antibiotics. -Gram-positive organisms are attacked under I 
normal conditions by such agents. Gram-negative organisms 
are frequently more resistant, but arc more susccptiblo to 
enzymic digestion and to lysis by immune serum in the 
presence of complement. Henry and Stacey (1943, 1940) 
showed that tho fundamental difference between Gram- 
positive and Gram-negative organisms is related to tho 
presence in Gram-positivo organisms of a magnesium ribo- 
riucleate \which can bo separated from the “ cytoskeleton ” 
by suitable extraction methods. The “ cytoskeleton,” which 
is Gram-negative, can be recombined with magnesium-ribo- 
nucleate and then stains Gram -positive once more. 

^ The bactericidal action of dyes was early recognised. 
Rozsahegyi (1887) clearly_demonstrated that various 'species 
of bacteria do not develop on nutrient gelatin in the presence 
of dyes such as carmine, methylene blue, gentian violet, 
vesuvin, fuchsin or methyl violet,, and pointed out that 
certain dyes possess a selective action against certain micro- 
organisms.^ The potent action of aniline dyes on bacteria was 
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recorded by Stilling (1890), who obtained inhibition of growth 
of certain bacteria with dilutions of dye of 1 in 2,000,000. 
He concluded that aniline dyes, in sufficient concentration, 
will prevent the development of practically all bacteria. 
Stilling also propounded a theory for the. mode of action of 
dyes which is interesting in the light of modem conceptions 
of germicidal action. He observed that when micro-organisms 
were first placed in solutions of dyes, the dye was deposited 
in the intermicellary spaces of the covering membrane, which 
was thereby stained ; from theso it could be extracted merely 
by placing the cell in water. This occlusion in intermicellary 
spaces, even without chemical combination, was considered 
to be sufficient to affect the metabolism of the cell so as to 
cause serious consequences to the organism, but not its death. 
On longer exposure, or in the presence of a greater concentration 
of dye, a certain amount of dye penetrated into the cell 
protoplasm where it may have existed as in the cell membrane, 
and from which it could also be extracted with water. Death 
of the cell resulted only when still longer exposure or still 
higher concentration of dye caused increased storage in the 
protoplasm, in consequence of which “ the vital movements 
of the plasmatic micellae are arrested.” In this case the dye 
could no longer be extracted with water. This work was 
further extended by experiments on infections in animals, 
and Stilling recommended that a mixture of blue dyes 
known as “ pyoctanin ” should be used for the treatment 
of minor surgical infections, as it was non-toxic to animal 
tissues. 

un 1891 Ehrlich performed his first experiment in chemo- 
therapy. He found that methylene blue stained malaria 
parasites very effectively, a result which induced him, in 
collaboration with Guttmann, to try the dye on malarial 
patients. Some success was obtained : cases of tertian malaria 
were cured by administration of methylene blue, but the results 
were not sufficiently impressive to warrant the substitution 
of methylene blue for quinine. We shall see later, however, 
that this work played a guiding part in the development of 
the antimalarial drugs plasmoquine and atebrmA 
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Knowledge of disease at the beginning of the twentieth -century 

Ehrlich started his intensive work on chemotherapy in 
1902. Beforo considering this work, it may bo helpful to review 
the extent of knowledge at that time regarding cure and 
prevention of disease. The causative agents of most infective 
diseases, with the exception of vims diseases, were by then 
known. Experimental transmission of bacterial infection in 
laboratory animals was possible, as was the isolation and 
maintenance of pure strains of bacteria. The bactericidal 
action in vitro of phenolic compounds and dyes was known, 
and ft fairly reliablo method of standardising bactericidal action 
was achieved in tho Ridcal- Walker test (Ridcal and Walker, 
1903). Bacterial immunity was well known and scrum therapy 
was established ns a means of curing disease. 

Ehrlich himself had made a major contribution to immuno- 
logical work, which culminated in his theory of immunity 
published in HJ97. Ho continually emphasised th'o" chemical 
side of immunology, seeking to provo that tho i nteraction 
between toxin and antitoxin was a chemical one and not, as 
was held by others (Bordet, 1903), duo to physical forces. Wo 
have already mentioned that Ehrlich considered protoplasm 
to contain a grouping responsible for tho fixation of oxygen. 
He also believed that protoplasm contained numerous other 
“ receptors ” whose normal function was to anchor by 
chemical combination a variety of foodstuffs as a preliminary 
step to their incorporation into the cell substance. The theory 
of immunity was an extension of this idea. The toxins (or 
antigens) combined with the specific receptors in the cell, 
just as tho food molecules were supposed to do ; but since 
the toxins were foreign substances not concerned in the 
normal economy of the cell, the receptors in question were 
diverted from their normal function. The cell was stimulated 
to replace these useless receptors, and in making new ones, 
formed an excess which was finally thrust off Into the blood. 
The excess receptors in tho blood constituted the specific 
antitoxin or antibody. This theory, now known to have many 
failings, had the merit that it kept to the fore the important 
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point that chemical specificity is an essential feature of 
immunological reactions. It also formed a basis for Ehrlich’s 
views on chemotherapy. 

The position with regard to diseases of protozoal origin 
was different. Although the causative agents of these diseases 
were known, there were no methods of cultivating the micro- 
organisms in vitro. A technique for transmitting trypanosome 
infections through a series of mice, developed by Laveran 
and Mcsnil (1902), enabled stable strains of trypanosomes 
to be maintained in vivo. Many protozoal infections do not 
easily give rise to antibody formation, and are therefore not 
amenable to immunological methods of treatment. However, 
some of the traditiona l remed ies of medicine were fairly 
effective in combating certain of the protozoal infections : 
malaria was cured by quinine, and amoebic dysentery by 
emetine or ip ecacua nha. Some indications of the possible 
effectiveness of arsenic against trypanosomes were obtained 
soon after the identification of these micro-organisms. 
Lingaard in 1899 found that arsenious acid and other in- 
organic arsenic preparations cured a trypanosomal disease 
of horses, occurring in India, known as surra ; while Bruce 
found that arsenious acid caused a temporary remission in 
tsetse-fly disease in Africa. 

The distribution of drugs in the animal body had received 
attention from other workers besides Ehrlich, and the Meyer- 
Overton theory, propounded in 1899, established a reasonable 
scientific basis for this branch of chemotherapy (Meyer, 
1899 ; Overton, 1901, 1902). Overton showed that chemical 
compounds may be divided into different groups according to 
the rapidity with which they diffuse into cell protoplasm, 
the rate of diffusion generally depending on the distribution 
coefficient of the compound between fat and water. Anaes- 
thetics and narcotics usually diffuse rapidly into cells, and 
they possess relatively high distribution coefficients. Meyer 
showed that in the aliphatic narcotics, strength of narcotic 
action was approximately proportional to distribution co- 
efficient. 
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(^Development of chemotherapy by Ehrlich 

With this background, Ehrlich started on the experimental 
chemotherapy of trypanosome infections, largely because 
there was no known cure for sleeping sickness, which was 
becoming a major problem in the development of the continent 
of Africa. His first work in this field, published with Sliiga 
in 1904, was the beginning of a systematic investigation of 
dyes as curative agents for trypanosomiasis in mice.) Pre- 
liminary work' on the benzopurpurin series of dyes, chosen 
apparently because of their long persistence in mice after 
injection, led finally to the discovery that trypan red was 
both curative and prophylactic for mice infected with the 
disease Mai de Caderas {Trypanosoma equinum) (Ehrlich, 1907). 
This was the first cure of an oxperimcntally-produced disease 
by administration of a synthetic organic substanco of known 
chemical composition. Trypan red had little practical use as 
it was relatively ineffective against other species of trypano- 
somes (e.g. T. brucei) in mice. However, the discovery led 
to the introduction by Mesnil and Nicollc (190G) of two other 
dyes of tho same series, trypan blue and afridol violet, which 
were effective against T . brucei infections in mice and cattle. 
Here we have tho first practical result of experimental 
chemotherapy ; trypan blue was used to cure cattle of tsetse- 
fly disease, and was later shown by Nuttall and Hadwen 
(1909 a and 6) to be effective in curing piroplasmosis in 
dogs and cattle. 

Following work on triphenylmethane dj r es by Wendelstadt 
and Fellracr (1906), Ehrlich found that malachite green had 
some curative action on experimental trypanosomiasis although 
it was fairly toxic, especially as a prophylactic. After 
examination of acridine dyes and the related oxazines and) 
selenazines, a compound with considerable trypanocidal I 
activity and low toxicity for mice was finally produced. This ! 
was diamino -methylacridinium chloride (trypaflavin, later j 
known as acriflavine). 

One important result of work with these dyes was the 
development in vivo of drug-resistant strains of trypanosomes. 
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immunological reactions. It also formed a basis for Ehrlich’s 
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some of the traditional remed ies of medicine were fairly 
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emetine or ip ecacu anha. Some indications of the possible 
effectiveness of arsenic against trypanosomes were obtained 
soon after the identification of these micro-organisms. 
Lingaard in 1899 found that arsenious acid and other in- 
organic arsenic preparations cured a trypanosomal disease 
of horses, occurring in India, known as surra ; while Bruce 
found that arsenious acid caused a temporary remission in 
tsetse-fly disease in Africa. 
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compounds may be divided into different groups according to 
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throughout its many stages, emphasis was continually laid on 
chemical combination of drugs both with the parasite and 
with the tissues of the host. J)In 1903 Ehrlich tested atoxyl 
against trypanosomes in vitro ; it was without effect and' Ho 
did not then test it on infected ammals. Two years later, 
Thomas and Breinl (1905) found that_atQxyl cured trypano- 
somiasis in mice, and trials by Koch inAfrica showed that it 
cured the human form of trypanosomiasis known as sleoping 
sickness. Although atoxyl proved to bo rather toxic to humans, 
"occasionally causing optic nerve atrophy or other severe 
complications, it is important as the first cure to bo discovered 
for sleeping sick ness. The successful use of atoxyl in vivo 
revived Ehrlich's interest, and he started by re-investigating its 
structure, which was believed at this time to be an anilide 
of arsenic acid. In conjunction with Bertheim, Ehrlich 
showed that this conception was wrong, and that atoxyl is in 
fact the sodium salt of p-aminophenylarsonic acid (Ehrlich 
and Bertheim, 1907). 



Atoxyl p-Amlnophenyl- p-Amlnophenyl - 

(p-ammopkenyl- orsenoxlde arsenobenzene 

orronote) 


The significance of this constitution for atoxyl was at once 
recognised by Ehrlich, who saw the wide possibilities opened 
up through preparation of homologues by substitution in the 
amino group. However, before he had prepared many 
derivatives of atoxyl, he carried out an important investiga- 
tion on the mode of action of the drug, searching for the, 
reason for the failure of atoxyl to react on trypanosomes^ 
in vitro. In 1909 Ehrlich and Roehl showed that reduction 
of atoxyl by any ordinary reducing agent produced p-amino- 
phenylarsenoxide. This compound, containing arsenic in 
the trivalent form, had a strong in-vitro trypanocidal action. 
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In Ehrlich’s laboratory, Frankc and Roelil found that 
feeding parafuchsin to mice infected with Trypanosoma 
brucei caused disappearance of trypanosomes from the 
peripheral blood, but, after a week or two, relapse occurred 
and the parasites reappeared. Administration of the drug 
caused them to disappear again. This process could lie 
repeated at further relapses, but not indefinitely. After each 
successive administration, the time of banishment of try- 
panosomes from the blood became shorter, until finally the 
drug failed entirely to have an effect on the parasites. When 
trypanosomes from these mice were transferred to normal 
mice, they were found to bo still unaffected by parafuchsin, 
and it was evident that the parasites themselves had acquired 
an increased resistance to the drug. This resistance was 
maintained consistently through numerous animal passages. 

Later work by Ehrlich showed that such trypanosomes 
could acquire resistance to other known trypanocidal sub- 
stances such as arsenical drugs. Strains of trypanosomes 
were developed which were resistant to certain compounds 
within one chemical class, but sensitive to other trypanocidal 
substances. This chemical specificity suggested that chemical 
processes were involved in the action of drugs on parasites, 
and led Ehrlich to put forward his “ chemo-receptor ” theory 
of drug action. This theory is, in essence, very similar to liis 
other side-chain theories which we have already mentioned, 
and accounted for the action of a drug by its combination 
with a specific receptor in the parasite. Resistance to a 
particular drug was regarded as due to reduction of affinity 
of a receptor for one drug without change in combining powers 
for other drugs. This implies that parasites possess a whole 
series of chemo-receptors which are specifically different from 
one another, and suggests that a study of resistant strains 
should indicate the receptor on which a drug is acting. 

Ehrlich's work on arsenical drugs 

The field of organic arsenical drugs saw Ehrlich’s most 
successful contribution to medicine and to chemotherapy. 
This work was based on his chemoreceptor theory in so far as 



HISTORICAL INTROPUCTION 


17 


Salvarsan had a striking effect in curing frambcesia (yaws), 
another form of human spirochcetal infection. By 1913 a 
hospital in Surinam in Africa, in which over 300 patients with 
frambcesia had been constantly under treatment, had to bo 
closed for lack of patients as one injection of salvarsan sufficed 
to cure the disease. Unfortunately, syphilis is not so easily 
cured, but, provided the disease is caught in its early stages 
and vigorous treatment is given, a cure can be fairly certainly 
effected by neoarsphonamine together with bismuth. 

Ehrlich's theories of drug action 

Throughout his work on chemotherapy, Ehrlich was guided 
by Ins chemo-receptor theory of drug action, together with 
other principles or beliefs which helped him in his selection 
of drugs for trial (summarised by Ehrlich, 1913). The first 
principle was “ Corpora non agunt nisi fixata ” ; in other words, 
p arasites, were only attacked. bv,.drugs.-whicli *thoy~ fixed -by 
means of their chemo-receptors. Apparent exceptions to this 
principle existed, since in many cases no direct action of a 
drug on tho parasite in vitro could bo observed. Ehriich 
explained this by supposing that the amount of drug fixed by 
parasites, although insufficient to kill immediately, was 
sufficient to prevent multiplication of parasite in the host, 
thus permitting phagocytic action to eliminate the infection. 
He showed that although spirochetes treated with salvarsan 
in vitro remained fully motile after wasliing free from the 
drug, they would not infect an animal into wliich they were 
injected. This point of view was ignored for many years, 
' but is to-day considered to represent the most probable mode 
’ of action of most chomotherapeutic drugs which are bacterio- 
static rather than bactericidal. 

Wo should emphasise here that although Ehrlich, employed 
a somewhat pictorial representation of reaction of drug with 
its receptors, his own conception of tho interaction was 
essentially a chemical one, in which the forces involved were 
those of ordinary chemical reaction. 

The fixing of drug by parasite Ehrlich termed a “ parasito- 
tropic ” effect. Most drugs were also toxic to tho host- and 

u 
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in contrast to the pentavalent atoxyl. Ehrlich (1909) postu- 
lated that the trypanocidal action of atoxyl in vivo is due to 
reduction of arsenic to the trivalent form by host cells” 
Therapeutic trials of p-aminophenylarsenoxidc showed that 
it was highly toxic to both host and parasite. The arseno- 
benzene derivative, in which arsenic was also in the trivalent 
form, was found to be less toxic to animal cells, although 
almost as active as arsenoxido against trypanosomes. 

Some evidence existed that arsenicals were also effective 
against spiroclisetes ; other workers had found that atoxyl 
cured fowl spirillosis, also sypliilis in apes, rabbits and even 
humans. Atoxyl had, however, no effect against relapsing 
fever, a prevalent, and hitherto intractable spirochetal 
disease. In view of the success of atoxyl against some 
spirocha?tal diseases, Ehrlich was convinced that other arsenic 
derivatives would be found to cure relapsing fever. Turning 
once more to the arsenobenzene derivatives, Ehrlich and 
Bertheim (1912) eventually prepared the hydrochloride of 
dihydroxydiaminoarsenobenzene, known as salvarsan. Some 
idea of the scope of their work may be derived from th’e serial 
number GOG given to this compound. Salvarsan proved to 
be successful in curing relapsing fever both in mice and 
humans, and was also found by Ehrlich and Hata (1911) to 
cure human syphilis and trypanosomiasis. 



Salvarsan or 
Arsphenamme 


As —As 



^NH CH 2 .O.SONa 


OH ' OH 

Neosalvarsan or 
Neoarspbenamlne 


The more soluble derivative of salvarsan introduced by 
Ehrlich in 1912, known as neosalvarsan or neoarsphenamine, 
is a condensation product of salvarsan with sodium formal- 
dehyde sulphoxide. After careful clinical trials, Ehrlich 
eventually allowed it to be put on the open market, as an 
anti-syphilitic drug. It proved to be the greatest achievement 
"of chemotherapy up to the discovery of the sulphohamides. 
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spirochetal, was reported by Morgenroth and Levy (1911). 
The quinine derivative, ethylhydrocuprein or “ optocliin,” 
which had a powerful and specific inhibitory action on 
pneumococci in vitro, was also found to cure mice infected 
with pneumococci. Unfortunately, extension of the work 
to human cases did not Bhow similar cures and the 
substance was found to be very toxic. Later work by 
Morgenroth showed that liomologucs of optochin were 
highly active against other bacteria in vitro ; for example, 
tsoamylhydrocuprein (eucupin) was strongly germicidal for 
diphtheria bacilli, while the isooctyl derivative (vucin) was 
active against streptococci. These compounds were not 
active against general infections in animals, but were found 
to have some local antiseptic action when introduced into 
the site of infection.. These observations of Morgenroth were 
the starting point for a considerable amount of work on 
quinine derivatives, which has not, however, resulted directly 
in the development of any successful chemotherapeutic agent 
for bacterial diseases. 

During the early part of the twentieth century investigations 
were continued on the bactericidal action of dyes. Churchman 
was concerned with the selective action of gentian violet on 
130 bacterial species, and divided the organisms into violet-' 
positive and violot-negative according to whether or not 
their growth was inhibited by the dye (Churchman, 1912, 1913 ; 
Churchman and Michael, 1912). Simon and Wood (1914) 
extended their observations to a great variety of dyes and 
found that only basic dyes had an inhibitory action, no 
effect being obtained with acidic dyes. The development 
of strains of organisms resistant to various dyes was described 
by these authors and the existence of natural dye-fast strains 
was also noted. This was not the first case of bacterial resist- 
ance to be described, as resistance to drugs had been observed 
in the nineteenth century, and Morgenroth a few years 
previously had produced strains of pneumococcus resistant to 
optochin. However, the publications of Simon and Wood are 
interesting as they contain a theory of drug action and 
resistance which differs somewhat from Ehrlich’s theory, and 
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were supposed to be fixed on the chemo-receptors of the host 
cells ; this tendency was termed “ organo tropic .” Ehrlich 
emphasised that drugs suitable for chemotherapeutic use were 
those in which the ratio between organotropic and parasito- 
tropic effect was sufficiently low to avoid poisoning of the 
host. The ratio was ascertained experimentally by comparison 
between the “ dosis tox ica ” and the “ dosis tolera ta.” Here 
we see the genesis of what is now known as the chemo- 
therapeutic index ; the ratio of maximum tolerated dose to 
minimal effective dose. This ratio is an important factor in 
determining the clinical success or failure of any new drug. 

In arsenical drugs Ehrlich distinguished two types of 
groupings — the trivalent arsenic group, responsible for the 
toxic effect, and a “ fixative ” group which fixed the drug 
to the parasite and so allowed the toxic group to act. The 
fixative group was also supposed to determine the organotropic 
character of the drug, (in Ehrlich’s opinion the aim of 
chemotherapy should be to achieve “ Therapia viagna 
8terilans or complete recovery with one massive dose of 
drug. This is a very desirable aim, which has not yet been 
achieved by our modern chemotherapeutic drugs. Whether 
it will ever be attained is a matter for the future to decide. ) 

^ Bacterial chemotherapy 

Ehrlich confined most of his chemotherapeutic studies to 
diseases of protozoal or spirochsetal origin, and did little work 
on the chemotherapeutic treatment of bacterial infections, 
but experiments which he did carry out were of considerable 
theoretical importance.'} In collaboration with Bechhold, he 
investigated the germicidal powers of substituted phenols 
(Bechhold and Ehrlich, 1906 ; Bechhold, 1909). Compounds 
were obtained which far exceeded all previously known phenols 
in their bactericidal action in vitro in nutritive broth, but 
therapeutic experiments on infected animals proved un- 
successful. This failure was shown to be due to the fact that 
these disinfectants combined with serum proteins to such an 
extent that their germicidal power was depressed. 

The first cure of a bacterial infection, as distinct from a 
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During the early part of the twentieth century investigations 
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ance to be described, as resistance to drugs had been observed 
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were supposed to be fixed on the cliemo -receptors of the host 
cells ; this tendency was termed “ organo tropi c.” Elirlich 
emphasised that drugs suitable for chemotherapeutic use were 
those in which the ratio between organotropic and parasito- 
tropic effect was sufficiently low to avoid poisoning of the 
host. The ratio was ascertained experimentally by comparison 
between the “ dosis tox ica ” and the “ do sis tol erata.” Here 
we see the genesis of what is now known as the chemo- 
therapeutic index ; the ratio of maximum tolerated dose to 
minimal effective dose. This ratio is an important factor in 
determining the clinical success or failure of any new drug. 

In arsenical drugs Ehrlich distinguished two types of 
groupings — the trivalent arsenic group, responsible for the 
toxic effect, and a ” fixative ” group which fixed the drug 
to the parasite and so allowed the toxic group to act. The 
fixative group was also supposed to determine the organotropic 
character of the drug, (in Ehrlich’s opinion the aim of 
chemotherapy should be to achieve “ Therapia magna 
s tertians,” or complete recovery with one massive dose of 
drug. This is a very desirable aim, which has not yet been 
achieved by our modem chemotherapeutic drugs. Whether 
it will ever be attained is a matter for the future to decide. ) 

^ Bacterial chemotherapy 

Ehrlich confined most of his chemotherapeutic studies to 
diseases of protozoal or spirochsetal origin, and did little work 
on the chemotherapeutic treatment of bacterial infections, 
but experiments which he did carry out were of considerable 
theoretical importance In collaboration with Bechhold, he 
investigated the germicidal powers of substituted phenols 
(Bechhold and Ehrlich, 1906 ; Bechhold, 1909). Compounds 
were obtained which far exceeded all previously known phenols 
in their bactericidal action in vitro in nutritive broth, but 
therapeutic experiments on infected animals proved un- 
successful. This failure was shown to be due to the fact that 
these disinfectants combined with serum proteins to such an 
extent that their germicidal power was depressed. 

The first cure of a bacterial infection, as distinct from a 
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only a local one. Both acriflavine and rivanol have since 
proved of value for local applications because of their low 
toxicity for tissues. The chemotherapy of systemic bacterial 
infections was, however, slow in developing, and no real 
advances were made in this field until the introduction of the 
sulphonamides in 1935. 

f 

Protozoal and spirochcetal chemotherapy 

c Following Ehrlich’s discoveries, further slow progress was 
made in the chemotherapy of protozoal and spirochsetal 
infections. The tryp anocida l effect oftartar^ erne tic had been 
demonstrated in T908 (Mesnil and Brimont, 1908 ; Plimmcr 
and Bateman, 1908) ; it has proved to be of some value in the 
treatment of trypanocidal diseases in domestic animals and 
even in humans. \ In 1912 Gaspar Vianna opened up the field 
of chemotherapy of leishmanial infections by showing that 
dermal leishmaniasis in Brazil could be cured by tartar emetic. 
This was confirmed for other leishmanial diseases in different 
parts of the world, and specific treatment of these diseases 
with antimony was soon widespread. (Kala-azar is probably 
the most serious and widespread of leishmanial infections ; 
before the introduction of antimony therapy, the death-rate 
in India among sufferers from this disease was almost 90 
per cent.} 

Both' sodium and potassium antimonial tartrates were 
found to give rise to toxic effects, and these were soon dis- 
carded in favour of the less toxic pentavalent organic 
preparations which are derivatives of phenylstibonic acid. 

O 


Stibomme 

The first of these compounds to be tested was p-aminophenyl- 
etibonate (stibamine), the antimony analogue of atoxyl 
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bears a marked resemblance to some of our modern theories. 
They ascribed, as Ehrlich did, the inhibitory action of dyes 
to the existence of receptors in the micro-organism to which 
the dye was anchored — the receptors probably being acidic 
groups which reacted with the basic dyes. The receptors 
were considered to be “ nutriceptors ” responsible for carrying 
on the metabolism of the cell, and since they were blocked by 
combination with dye, the cell died, not necessarily because 
it had been poisoned, but because a sufficient number of its 
nutriceptors had been thrown out of action to bring about its 
starvation or inability to multiply. Adaptation to grow in 
the presence of inhibitory amounts of dyes was ascribed to 
the existence of other receptors by which the organism could 
carry out its nutrition and reproduction, and to the possibility 
of the organism “ producing such receptors while the others 
were occupied by the dye.” No suggestion was made as to 
the nature of these receptors, but the remark is made that 
“ since intracellular metabolism is intimately connected with 
the action of the enzymes, the question has naturally suggested 
itself whether the deleterious action of the dyes may not in 
part be referable to interference with the activity of these 
components.” 

Browning and his co-workers showed that the acridine dye, 
acriflavine, had a strong antibacterial action which was 
augmented, rather than decreased, by the presence of serum ; 
general toxicity was relatively low (Browning and Gilmour, 
1913 ; Browning, Gulbransen and Thornton, 1917 ; Browning 
and Gulbransen, 1917). Here again Ehrlich’s influence is 
evident ; he had introduced the same compound, under the 
name trypaflavine, as a trypanocidal substance. 

Another acridine dye, 2-ethoxy-6 : 9-diaminoacridine, was 
found by Morgenroth, Schnitzer and Rosenberg (1921) to be 
even less toxic than acriflavine and to possess a high bacterio- 
static action. Its hydrochloride, known as rivanol, could be 
injected safely into humans. Morgenroth managed to cure 
mice of a streptococcal infection by rivanol, but only by 
injection immediately after infection and close to the site of 
application of the organism. In other words, the action was 
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Foumeau and his colleagues made a study of the arsonic 
acids, particularly those containing the hydroxyl and amino 
radicals which are present in salvarsan. They prepared all 
the nine isomers of salvarsan and also the acetylated deriv- 
atives. The result of this was the introduction of orsanine 
and stovarsol, two isomers of sodium hydroxy-acetylamino- 
phenylarsonate (Foumeau, Navarro-Martin, Trefouel and 
Trefouel, 1923). ^Orsanine, p-acetylamino-o-hydroxyphenyl- 
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arsonate, has a strong trypanocidal action, and until the 
discovery of amidines, has shared with tryparsamide the 
position of being the only satisfactory drug for the treatment of 
sleeping sickness in its later phasesMgtovarsol, p-hydroxy-m- 
acetylaminophenylarsonate, has no'' action on trypanosomes, 
but has fairly strong anti-spirochastal and amoebicidal actions, 
and has been occasionally used where injection is impracticable, 
as it can be administered orally,} Foumeau’s work is also of 
considerable theoretical interest, as it illustrates well the high 
specificity of drug action. 

(^Hitherto, synthetic chemotherapy had been chiefly con- 
cerned with organo-metallic trypanocidal and anti-spirochsetal 
drugs. The introduction in 1920 of Bayer 205 (Germanin or 
Moranyl) marked an important departure from this field. The 
constitution of the drug, synthesised by the German firm of 
Bayer, was originally withheld ; but a fine piece of work by 
Foumeau (1924), involving the synthesis of many ureas of the 
acylnaphthylamine-sulphonic acid type, led to a compound 
(Fourneau 309) with the same therapeutic properties as 
Bayer 205. .Fourneau found that the chemical specificity 
of his compound was most marked ; the slightest change in 
structure resulted in a diminution of trypanocidal activity. 
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the nine isomers of salvarsan and also the acetylated deriv- 
atives. The result of this was the introduction of orsanine 
and stovarsol, two isomers of sodium hydroxy-acetylamino- 
phenylarsonate (Fourneau, Navarro-Martin, Trefouel and 
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arson ate, has a strong trypanocidal action, and until the 
discovery of amidines, has shared with tryparsamide the 
position of being the only satisfactory drug for the treatment of 
sleeping sickness in its later phasesMgtovarsol, p-hydroxy-m- 
acetylaminophenylarsonate, has no ''action on trypanosomes, 
but has fairly strong anti-spirochsetal and amcebicidal actions, 
and has been occasionally used where injection is impracticable, 
as it can be administered orally} Foumeau’s work is also of 
considerable theoretical interest, as it illustrates well the high 
specificity of drug action. 

(^Hitherto, synthetic chemotherapy had been chiefly con- 
cerned with organo-metallic trypanocidal and anti-spirochzetal 
drugs. The introduction in 1920 of Bayer 205 (Germanin or 
Moranyl) marked an important departure from this field. The 
constitution of the drug, synthesised by the German firm of 
Bayer, was originally withheld ; but a fine piece of work by 
Foumeau (1924), involving the synthesis of many ureas of the 
acyinaphthylamine-sulphonic acid type, led to a compound 
(Foumeau 309) with the same therapeutic properties as 
Bayer 205. .Foumeau found that the chemical specificity 
of his compound was most marked ; the slightest change in 
structure resulted in a diminution of trypanocidal activity. 
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(Uhlenhuth, Mulzer and Hugel, 1913) ; it proved to be too 
unstable in solution and too uncertain in action to be used 
therapeutically. Its acetyl derivative, stibenyl, was success- 
fully employed by Caronia in 1916 for the treatment of 
kala-azar in Italy, but it has been found to be ineffective 
in India. 

After this, slow but steady advance was made in the 
chemotherapy of diseases of spirochetal and protozoal origin. 
Bismuth was introduced for the treatment of syphilis by 
Sazerac and Levaditi (1921). They showed the therapeutic 
activity of sodium potassium tartrobismuthate in rabbit 
syphilis and in some human cases. Actually, the use of bismuth 
in syphilis was first suggested by Balzar (1889), but it does 
not appear to have been tried out ; it was found to be curative 
in fowl spirochretosis by Robert and Sauton (1916) but its 
value again passed unnoticed until 1921. Since then, more 
than 200 new bismuth compounds have been produced, often 
with little or no preliminary study to determine whether they 
were an improvement on already known compounds. The 
action of organo-bismuth compounds appears to be due to 
the liberation of metallic bismuth, and the value of different 
preparations seems to depend on their power of penetrating 
the parasite cell. 

Jacobs and Heidelberger (1919), in attempting to find a 
satisfactory trypanocidal compound, prepared a large number 
of organic arsenical compounds, and from these selected 
sodium N-phenylglycineamide-p-arsonate, now known as 


CONK. 

Tryparsamide 

tryparsamide. This compound proved to be the first 
reasonably satisfactory drug for the treatment of human 
sleeping sickness, but it was not without toxic effects. 
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arsonate, has a strong trypanocidal action, and until the 
discovery of amidincs, has shared with tryparsamide the 
position of being the only satisfactory drug for the treatment of 
sleeping sickness in its later phasesMstovarsol, p-hydroxy-m- 
acetylaminophenylarsonate, has no' action on trypanosomes, 
but has fairly strong anti-spirochzetal and amcebicidal actions, 
and has been occasionally used where injection is impracticable, 
as it can be administered orally} Foumeau’s work is also of 
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specificity of drug action. 
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drugs. The introduction in 1020 of Bayer 205 (Germanin or 
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(Fourneau 309) with the same therapeutic properties as 
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of his compound was most marked ; the slightest change in 
structure resulted in a diminution of trypanocidal activity. 



24 


THE BASIS OP CHEMOTHERAPY 


He therefore concluded - that his substance had the same 
structure as Bayer 205. 
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Bayer 205 or Fourneau 309 


The drug is said to have been produced by Bayer in a 
search for a colourless substance related to the trypanocidal 
dyes, trypan blue and afridol violet, which were introduced in 
1906 by Mesnil and Nicolle. Trypan blue was used for the 
treatment of trypanosomiasis in cattle, but, since bright 
blue meat was unsaleable, the Bayer company attempted to 
find a colourless trypanocide. Afridol violet already contained 
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one urea linkage ; the further use of amide linkages instead 
of azo groups provided a colourless substance. 

f Bayer 205 has proved to be an extraordinarily useful 
trypanocidal agent ; its chemotherapeutic index for mice is 
about 300, the highest for any compound known at that time. 
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It is interesting to noto that Ehrlich (1913) considered a 
therapeutic index of 10 or even 5 was as high as could he 
expected. One disadvantage of the drug is that it is unable 
to cure sleeping sickness in the advanced stages when try- 
panosomes have attacked the brain, since it cannot pass into 
the cerebrospinal fluid. However, provided that it is given 
in the first few weeks after the beginning of the illness, there 
is a reasonable chance of euro. Later stages of the disease 
must still be treated with either tryparsamido or orsanine, 
both of which penetrate to the cerebrospinal fluid. A useful 
feature of Bayer 205 is its persistence in action, probably 
due to its slow rate of excretion. When administered prophy- 
lacfcically, a singlo dose may confer immunity to sleeping 
sickness for several months. 

Other successful investigations originating from the work of 
Ehrlich were in the antimalarial field. It will be remembered 
that Ehrlich in 1891 found that methylene blue (I) had somo 
curative effect on malaria. A The Bayer research chemists 
accordingly tried the effect “of replacing the methyl groups 
attached to the aromatic amino groups of methylene blue 



with other alkyl groups. Next they tried replacing the methyl 
groups with basic alkyl groups, producing compound (II) (see 
formula) with the favourable chemotherapeutic index of 8. 
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Cxhe work on methylene blue did not produce a compound of 
any practical value, but it indicated some relationship between 
antimalarial effect and chemical structure. The experience 
gained was applied to other ring systems, with the result that 
plasmoquine, a derivative of 6-methoxy-8-aminoquinoline with 
a therapeutic index of 30, was produced in 1924 (Schulemann, 
SchOnhoffer and Wingler, 1932). Success in the quinoline 
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series naturally led to an examination of similar substitutions 
in other heterocyclic nuclei, and led eventually to the acridine 
derivative known as atebrin or mepacrine)(Mauss and Mietzsch, 
1933). This substance is very effective against human malaria, 
both prophylactically and curatively, and has a low toxicity. 
It proved to be superior to quinine during the war of 1939-45, 
when it was shown by field trials to be a prophylactic against 
benign and malignant tertiary malarias and a cure for the 
malignant tertiary form. 

(Atebrin has now been supplemented by paludrine, an anti- 
malarial drug synthesised by chemists of Imperial Chemical 
Industries of Great Britain in 1944 (Curd and Rose, 1946)) 
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Paludrine 


Paludrine is a biguanidine compound, the result of a search 
for antimalarial drugs among pyrimidine derivatives. The 
pyrimidines were found to have antimalarial properties if they 
possessed configurations which permitted certain tautomeric 
changes.*'') Working on the theory that this tautomeric capacity 
conferred 7 antimalarial activity, the pyrimidine ring was found 
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to bo unnecessary, and biguanidino derivatives with high 
activity were produced. 

^ Paludrine is proving to bo a most potent and non-toxic 
antimalarial drug. It is active against all three forms A of 
malaria, and possesses the property, absent from other anti- 
malarial drugs, of preventing the development of parasites 
in the pre-erythrocyte stage following primary infection 
(Fairley, 1946).^ 

I Pharmacological basis of chemotherapy 

The successful development of chemotherapy, as we have 
described it, appears at first sight to bo a purely empirical 
process based upon patient trial of innumerable analogues 
of a compound of known activity. This is not strictly true ; 
since 1920 there has gradually developed a pharmacological 
basis for chemotherapy concerned with the action, distribution 
and excretion of chemotherapeutic drugs in the body. Much 
of the pioneer work on this subject was carried out by Voegtlin 
between 1921 and 1930 (Voegtlin, 1925). He emphasised the 
importance of this side of chemotherapy since it determined 
to a great extent whether or not a drug which was active 
in vitro would be similarly active in vivo. He showed that 
parasiticidal action in vivo is dependent not only on the 
toxicity of drug for the parasite, but also on the rate of 
excretion of drug and its power of penetrating tissues. He 
attempted to explain the differential action of drugs in 
poisoning parasites rather than the host, a fact simply 
accepted by Ehrlich. Voegtlin suggested that either the > 
capacity of host cells to convert the toxic form of a drug 
into a non-toxic form was greater than that of parasites, or 
that parasites had a greater permeability for the drug than 
the host cells. 

Voegtlin provided the first practical demonstration of) 
Ehrlich’s theory that the pentavalent form of an arsenical; 
drug is converted by the host into the active trivalent oxide 
form \ he also established the point that arsenobenzene 
derivatives are not active as such but are transformed in the 
host to the active arsenoxide form. This point seems to 
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malarial drugs, of preventing the development of parasites 
in the pre-erythrocyto stago following primary infection 
(Fairley, 1946).J 

I Pharmacological basis of chemotherapy 

The successful development of chemotherapy, as we have 
described it, appears at first sight to be a purely empirical 
process based upon patient trial of innumerable analogues 
of a compound of known activity. This is not strictly true ; 
since 1920 there has gradually developed a pharmacological 
basis for chemotherapy concerned with the action, distribution 
and excretion of chemotherapeutic drugs in the body. Much 
of the pioneer work on this subject was carried out by Voegtlin 
between 1921 and 1930 (Voegtlin, 1925). He emphasised the 
importance of this side of chemotherapy since it determined 
to a great extent whether or not a drug which was active 
in vitro would be similarly active in vivo. He showed that 
parasiticidal action in vivo is dependent not only on the 
toxicity of drug for the parasite, but also on the rate of 
excretion of drug and its power of penetrating tissues. He 
attempted to explain the differential action of drugs in 
poisoning parasites rather than the host, a fact simply 
accented by ISbriidu Yofcgj&o. vraggested. tfeaA. tVve *. 

capacity of host cells to convert the toxic form of a drug 
into a non-toxic form was greater than that of parasites, or 
that parasites had a greater permeability for the drug than 
the host cells. 

Voegtlin provided the first practical demonstration of 
Ehrlich s theory that the pentavalent form of an arsenical 
drug is converted by the host into the active trivalent oxide 
form *, he also established the point that arsenobenzene 
derivatives are not active as such but are transformed in the 
host to the active arsenoxide form. This point seems to 
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have escaped Ehrlich in his development of salvarsan" (Voegtlin, 
Dyer and Leonard, 1923). ) When salvarsan or other arseno- 
benzene derivative was injected into a rat infected with 
trypanosomes there was a latent period of several hours before 
destruction of the parasite, but the trivalent oxide form of 
salvarsan had an immediate trypanocidal action. The toxic 
effect of arsenoxides was shown to be due to their*action'on 
sulphydryl groups in the host tissues, since glutathione, a 
sulphydryl-containing peptide, protected an animal when 
injected immediately after a lethal dose of arsenoxide. 
Glutathione and various other organic sulphydryl compounds 
were also found to protect trypanosomes both in vitro and 
in vivo from the lethal effect of arsenoxides. A direct practical 
result of this work of Voegtlin was the introduction, as a 
therapeutic drug, of the" arsenoxide derivative of salvarsan, 
under the name mapharsen (m - amino - p - hydroxyphenyl- 
arsenoxide). As with other arsenoxides, toxicity is high, a 
fact which caused Ehrlich to discard the '“compound as a 
practical drug ; nevertheless, because of its potent action 
on parasites, mapharsen possesses a favourable therapeutic 
index. 

/voegtlin ’s ideas do not appear to have taken root, for 
much speculation continued for some years on the nature of 
chemotherapeutic action. Did drugs act directly on the 
parasite, or did they act indirectly through the host, either 
by stimulating the defence mechanism, or by giving rise to 
the production by the host of a parasiticidal substance ? 
The main reason for the persisting doubt appears to have been 
the absence of correlation between in-vivo and in-vitro action 
of drugs. Some drugs appeared to have no direct killing action 
in vitro, but undoubtedly countered the organisms in vivo. 
Equally puzzling was the in-vitro action of emetine and 
cephaeline, the chief alkaloids of ipecacuanha, known to be 
effective cures for amcebic dysentery. Dale and Dobell (1917) 
found that these alkaloids were less toxic to isolated dysentery 
amcebte than other alkaloids which were not curative for the 
disease. This. lack of correlation between in-vitro and in-vivo 
observations was a direct result of inability to culture or 
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even maintain J.ho organisms in question outside the animal 
body . ) Tiie time of survival of trypanosomes or dysentery 
Tmcebte in the media used at that time was a matter of a few 
hours, and it is obvious that no extended observations wero 
possible on parasitic reactions to drugs. Similarly, the 
effects of drugs on growth and reproduction could not bo 
determined, and the theory originally propounded by Ehrlich, 
suggesting that drugs acted by proventing multiplication, 
was discarded for want of positivo ovidenco (review by 
Dale, 1923). 

The introduction of a culture medium for dysentery am cob® 
by Boeck and Drbohlav fl 9257 enabled Dobell and Laidlaw 
(1926) to show that emetine and cephaeline wore far more 
poisonous than other alkaloids under suitable cultural condi- 
tions, and that very dilute solutions, although not immediately 
toxic, were lethal to tho organisms. The concentration required 
to kill immediately bore no relation to the minimal concentra- 
tion which was lethal if maintained for a period of days. 
These observations accounted for tho anomalous results of 
Dale and Dobell. Later Laidlaw, Dobell and Bishop (1928) 
were able to cultivate the organisms in a purely liquid medium, 
in which a concentration of emetine of 1 in 5,000,000 was 
sufficient to inhibit growth. 

The problem of in-vitro cultivation of trypanosomes has 
not yet been completely solved, but Yorko, Adams and 
Murgatroyd (1929) developed a medium which would maintain 
trypanosomes alive and motile for twenty-four hours. This 
opened up tho field of trypanosome therapeutics considerably 
and has led to a better understanding of drug action in these 
organisms. At the same time, these workers found that 
trypanosomes consume enormous amounts of glucose in vitro 
— 400 million trypanosomes (representing about 27 mg. of 
material) causing between 2-0 and 2*5 mg. of sugar to 
disappear in 1 hour at 37° C, This fact, fully confirmed by 
later work, led directly to the important discovery of the 
amidino group of drugs. In discussion of the in-vitro cultiva- 
tion of trypanosomes it must be emphasised that the difficulty 
lies, not in the subculture of viablo protozoa, but in the 



ISff, BASIS OB CH ® 6 {oI ® in 

l„ded that * Ivith t ' ,C 

/ AmM*** , lftn cs6 ll»»« C 0 °t «• the dn>6 

mwm, 

A to e^ett a *« £ Jaticsds c ^ t0 

»-»“ SmJ-C.* S' » ** 5- 5 

SrtjsSrJfssS^ 

Attests :; A o£6J nrtha“>;“ ^idered* ^ 0 the 

. Jf 0 o£ W° 8 Vto ^ect th ? Jadin °» r ^ntration o. 

degree no suSctent t t 0 f s> ^ a cone actl0 n 

W °"!Led tW f.^ bc ‘^“either in «" 


' e of "yr b „. to affect >••- - tYl ahn ’ n tratior - 

-ii rrr. 

S^- ^ 



HISTORICAL INTRODUCTION 


31 


To test this theory, a large number of guanidines, isothio- 
ureas, amidines and amines, with alkyl and alkylene chains, 
were prepared and examined for trypanocidal activity (King, 
Lourie and York©, 1938). Certain of the diamidines showed 
a powerful trypanocidal action both in vitro and in vivo ; 
the most active compound, undecane-diamidine, producing 
almost 100 per cent, cures in mice and rabbits infected with 
T. rhodesiense. 

The firm of May and Baker later produced a series of 
aromatic derivatives containing the amidine group. Some of 
these have proved to be valuable chemotherapeutic drugs 
(Ashley, Barber, Ewins, Newbery and Self, 1942). The 
4 : 4-diamidinodiphenoxyalkanes (I where n ~ 3 or 5) showed 
low toxicities, 4 : 4-diamidinodiphenoxypentano having a 
therapeutic index of 15. 4 : 4-Diamidinostilbene (II) was 

even less toxic with a therapeutic index of 30. 



(The amidines are fairly unspecific in their action on 
profozoa, and have been shown to have a therapeutic action 
in trypanosomiasis, leishmanial infections such as kala-azar,^) 
piroplasmosis such as Babesia cams, and malaria infections of 
birds and monkeys. 4 : 4-Diamidinostilbene acts effectively 
against the early stages of sleeping sickness, but, like Bayer 
205, is unable to penetrate into the cerebrospinal fluid, and 
is thus of little value in the later stages. It is very effective 
against kala-azar, but, although it has an antimalarial action, 
it is of little use in treating human malaria. The amidines have 
no action against spirochastes. 

Treatment of trypanosome infections in cattle has been 
extended by the discovery that certain phenanthridines are 
curative against infections caused by Trypanosoma congolense 
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maintenance of pathogenic strains in the form in which they 
exist in the animal host {cf. Weinman, 1946 ; Brand, Johnson 
and Bees, 1946). 

Amidines 

Janes 6 and Jancso (19356) concluded that the trypanocidal 
action of Bayer 205 was due to its interference with the 
carbohydrate metabolism of trypanosomes, as the drug 
produced changes in trypanosomes similar to those resulting 
from removal of sugar from the medium in which the parasites 
were suspended. ] In view of the high carbohydrate metabolism 
of trypanosomes, they decided to examine the reaction of 
parasites to guanidine derivatives, which were known to 
lower blood sugar levels in animals (Frank, Northraann and 
Wagner, 1926). Several of these derivatives (especially 
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synthalin) were found to exert a therapeutic action on mice 
infected with Trypanosoma brucei. The Jancsos concluded 
that the therapeutic effect was an indirect one, due to 
continuous hypoglycemia depriving the trypanosomes of the - 
necessary glucose for their development. Schem and 
Artagaveytia-Allende (1936) showed independently the thera- 
peutic action of synthalin in rats infected with trypanosomes. 

Lourie and Yorke (1937) considered it improbable that a 
degree of hypoglycasmia compatible with life of the host 
would be sufficient to affect the parasite adversely, so they 
examined the in-vitro effect of synthalin on trypanosomes. 
This was found to be extremely powerful, a concentration of 
1 in 200 millions having a pronounced trypanocidal action. 
However, insulin had no effect on trypanosomes either in vitro 
or in vivo, while synthalin produced little hypoglyccemia in 
the normal animal unless given in doses so large v as to cause 
liver damage. They therefore concluded that synthalin 
exerted a direct toxic effect on trypanosomes. 
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fatal hemolytic streptococcal infections in mice, cured chronic 
streptococcal infections in mice, and favourably influenced 
staphylococcal infections in rabbits, but had no effect on 
pneumococcal or other experimental infections and was without 
action in vitro on bacteria. This work was not published till 
1935 (Domagk), but various reports of clinical trials of the 
substance in 1934 showed that it cured erysipelas and strepto- 
coccal empyema. Clinical trials reported in 1935 established 
that prontosil is highly effective against most haemolytic 
streptococcal infections,particularIy puerperal fever. A chemo- 
therapeutic agent for bacterial infections had been found. 

The development of prontosil can be traced back to work 
on azo dyes. In 1909, Hbrlein of I.G., working on textile 
dyes, synthesised azo dyes with sulphonamide and substituted 
sulphonaraide groups. These dyes were characterised by the 
stable complexes which they formed with \Vool proteins. 
Later, Eisenberg (1913) found that the dye chrysoidin (2 : 4- 
diaminoazobenzene) was bactericidal in vitro but had little 
effect in the living animal. In an attempt to increase the 
bactericidal properties of quinine derivatives, dyes based on 
hydrocupreine were prepared by Heidelberger and Jacobs 
(1919) ; one of those was p-aminobenzenesulphonamido hydro- 
cupreine. The authors commented on the high bactericidal 
potency of these compounds but published no further experi- 
mental work on the subject. Work by Mietzsch and Klarer 
of I.G. on azo compounds led to the development of compounds 
of greatly increased bactericidal power when compared with 
known compounds, but they had no effect in vivo. However, 
Domagk observed that azo compounds containing sulphon- 
amide had slight activity in combating streptococcal sepsis 
in mice. This observation directed further work into the 
channels eventually leading to prontosil. 

After the publication by I.G. of their results in 1935, 
Levaditi and Vaisman (1935) in France confirmed the results 
on mice with a preparation of prontosil prepared for them by 
Girard and called “ rubiazol.” Soon came the suggestion 
by TrSfouel, Trefouel, Nitti and Bovet (1935) that prontosil 
was broken in the host tissues at the azo linkage yielding 

o 
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the development of a new typo of chemotherapeutic agent in 
the antibiotics. These axe soluble antibacterial substances 
produced by micro-organisms during growth on suitable 
mediaJ 

( Sidce the beginning of bacteriology, inhibition of growth 
oi one bacterial species by the presence of another micro- 
organism was an established fact, and its possible application 
to the field of therapeutics was realised.^ Pasteur and Joubert 
(1877) noted the antagonistic effect of aerobic bacteria on the 
growth of Bacillus anthracis, and even found that death of 
animals from anthrax could sometimes be prevented by 
including some of these aerobic bacteria in the infectivo dose 
of jB. anthracis. Pasteur ascribed the effect to the consumption 
of oxygen by the aerobic organisms, but Babes (1885) 
interpreted experiments on growth inhibition of one organism 
by another as due to a chemical substance produced by the 
antagonistic organism. Emmerich and Low (1809) prepared 
an extract of Pseudomonas pyocyanea to which they ,gav§ 
the name pyocyanase. Highly diluted pyocyanase was found 
to have a destructive effect against pathogenic cocci, and 
against diphtheria, cholera, typhoid and plague organisms. 
These authors suggested that pyocyanase might be of use 
clinically, but it proved too toxic except for local application. 
Attempts to use pyocyanase clinically were continued for 
about twenty years but it gradually fell into disrepute as a 
remedy, possibly owing to the loss or degeneration of the 
original antibiotic-producing strain. There is no doubt that 
Pseudomonas pyocyanea can produce substances which are 
highly bacteriostatic, though it remains to be seen whether they 
have any clinical application (Hays et al., 1945). Bacteriolytic 
substances have also been obtained from bacteria and tested 
therapeutically. Nicolle (1907) isolated from Bacillus sublilis 
a thermostable substance with lytic action against many 
pathogenic organisms. A considerable amount of work was 
subsequently carried out on these bacterial lysins in the hope 
that they could bo used therapeutically, but they have proved 
toxic to animals. However, Gratia and Bath (1924, 1925, 
1926) extracted a lytic agent from streptothrix mould which 
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p-aminobenzenesulphonamide, which was the therapeutically 
active principle. The basis for this suggestion was the 
fact that diazotised benzenesulphonaraide derivatives quite 
different from prontosil still possessed anti-streptococcal 
properties, while derivatives in •which p-aminobenzenesulphon- 
amide was replaced by other groups were inactive. 

No great attention was paid in the medical literature to 
these important advances until the appearance of two English 
papers in 1936. Colebrook and Kenny (1936) showed that 
although prontosil was inactive in the test tube, it did produce 
an increase in the bacteriostatic power of the blood of patients. 
They also established tho value of prontosil therapy in puerperal 
sepsis. Buttle, Gray and Stephenson (1936) confirmed the 
French findings that p-aminobenzenesulphonamide (sulphanil- 
amide) had a curative effect on streptococcal infections in mice, 
and showed that it was also of value against meningococcal 
infections. The French workers later showed that sulphanil- 
amide exerted a bacteriostatic effect on susceptible organisms 
in vitro, without being immediately lethal. The o- and m- 
aminobenzenesulphonamides and p-acetyl sulphanilamide were 
without sulphanilamide effect (Nitti, Bo vet and Depierre, 
1937). Finally, Fuller (1937) confirmed tho suggestion of 
Trefouel and co-workers that prontosil was split in the host 
to p-aminobenzenesulphonamide. 

Many other sulphonamide derivatives have been prepared 
and found to be more activo than sulphanilamide and to 
combat a wider range of infections. The first really effective 
one was sulphapyridine or “ M and B 693,” prepared by May 
and Baker Ltd., and tested by Whitby (1938). It was shown 
to be particularly effective against pneumococcal infections. 
Research in the sulphonamide field still continues to-day, 
and is opening up ever-wider aspects in chemotherapy as more 
active and less toxic drugs are found, with a greater range of 
action over different bacterial types. 

Antibiotics 

The sulphonamides were the first class of drug to bo used 
clinically against bacterial infections. Lately we have seen 
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Heatlcy, Jennings, Orr-Ewing and Sanders, 1940 ; Abraham, 
Chain, Fletcher, Florey, Gardner, Heatley and Jennings, 
1941). The material was effective in vivo, subcutaneous 
injections producing 100 per cent, cures of mice infected with 
Strep, hcemolyticus, Staph, aureus or Clostridium septicum. 
Florey and liis school have continued to carry out chemical, 
bacteriological and pharmacological work on penicillin, with 
the result that it is now produced on a vast scale for the 
treatment of many bacterial infections. The chemistry of 
penicillin has been worked out in many laboratories ; several 
forms of tho substance are known, ono of which, benzyl 
penicillin (penicillin G), has tho following constitution (see 
review by du Vigneaud el al., 1946). 
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Penicillin is bacteriostatic to most Gram-positive organisms, 
and also to spirochetes ; it has little or no action against 
Gram-negative organisms. It is liiglily active, being bacterio- 
static in dilutions greater than 1 in 10 8 , and is completely 
non-toxic. Its activity is not affected by tissue proteins or 
breakdown products, or pus, and is relatively unaffected by 
the number of bacteria present. In these respects it is an 
ideal chemotherapeutic agent. It is, however, very rapidly 
excreted in the urine, and cannot be taken by mouth as it is 
destroyed by acid. It must therefore be administered in 
large and frequent doses by injection or intravenous drip. 
Other disadvantages of penicillin are its extreme lability, low 
yields and high cost of production. These disadvantages are 
all outweighed by its low toxicity and wide range of applica- 
tion, with the result that penicillin has widened the field of 
bacterial chemotherapy to an extent which would have been 
unbelievable fifteen years ago. (The synthesis of penicillin 
has proved to be very difficult, with yields of the order of 
0-2 per cent. However, when full investigations have been 
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had been grown on dead Staph, aureus, and this substance 
was employed, together with a bacteriophage, in the successful 
treatment of Staph, aureus carbuncles. 

Many fungi have been found to produce substances with 
antibacterial action. Gosio (189G) produced from a Peni- 
cillium a crystalline substance which inhibited the growth of 
anthrax bacilli. He was unable to carry out tests on animals 
owing to lack of material, but the substance has since been 
re-isolated under the name mycophenolic acid and found to 
be useless as a chemotherapeutic agent although active in vitro 
(Florey, Gillivcr, Jennings and Sanders, 194G). Filtrates from 
Aspergillus fumigatus were found by Vaudremer (1913) to 
cause attenuation of Mycobacterium Utberculosis, and were 
used to treat human tuberculosis, apparently with some 
success. Recent work has shown that this mould produces 
four antibiotic substances, one of which, helvolic acid, has 
some action against the tubercle bacillus in vitro (Chain, 
Florey, Jennings and Williams, 1943 ; Jennings, 1945). 

{in 1929 Fleming observed that on certain agar plates in 
which Staph, aureus was contaminated by a mould, the 
staphylococcus colonies were transparent and undergoing 
lysis. He identified the mould as a Penicillium and found 
that broth in which it had been grown had bactericidal and 
bacteriolytic properties against pyogenic cocci and the 
diphtheria group of bacilli, but was inactive against Gram- 
negative organisms such as Hcemophilus influenza;, Escherichia 
coli or Eberthclla typhosa) The name penicillin was given to 
active filtrates of the broth.J Fleming showed that it was 
almost completely non-toxic to animals, to humans, and to 
leucocytes, and therefore suggested that it would be a useful 
antiseptic for infected wounds. Subsequent attempts by 
Clutterbuck, Lovell and Raistrick (1932) to concentrate the 
active principle proved unsuccessful because of its instability 
and low concentration in culture filtrates. These authors 
showed, however, that the mould could be grown on a synthetic 
liquid medium. Eventually there was isolated from the 
culture medium of P. notatum a water-soluble powder with 
remarkable antibacterial activity (Chain, Florey, Gardner, 
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Hcatlcy, Jennings, Orr-Ewing and Sanders, 1940 ; Abraham, 
Chain, Fletcher, Florey, Gardner, Heatloy and Jennings, 
1941). The material was effective in vivo, subcutaneous 
injections producing 100 per cent, cures of mice infected with 
Strep. hcemolyticus , Staph, aureus or Clostridium scpticum. 
Florey and liis school liavo continued to carry out_ chemical, 
bacteriological and pharmacological work on penicillin, with 
the result that it is now produced on a vast scale for the 
treatment of many bacterial infections. The chemistry of 
penicillin has been worked out in many laboratories ; several 
forms of tho substanco arc known, one of which, benzyl 
penicillin (penicillin G), has the following constitution (see 
review by du Vigneaud ct al., 194C). 
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Penicillin is bacteriostatic to most Gram-positive organisms, 
and also to spirochcctes ; it has little or no action against 
Gram-negative organisms. It is liigldy active, being bacterio- 
static in dilutions greater than 1 in 10 B , and is completely 
non -toxic. Its activity is not affected by tissue proteins or 
breakdown products, or pus, and is relatively unaffected by 
the number of bacteria present. In these respects it is an 
ideal chemotherapeutic agent. It is, however, very rapidly 
excreted in the urine, and cannot be taken by mouth as it is 
destroyed by acid. It must therefore be administered in 
large and frequent doses by injection or intravenous drip. 
Other disadvantages of penicillin are its extreme lability, low 
yields and high 'cost of production. These disadvantages are 
all outweighed by its low toxicity and wide range of applica- 
tion, with the result that penicillin has widened the field of 
bacterial chemotherapy to an extent which would have been 
unbelievable fifteen years ago. ^fhe synthesis of penicillin 
has proved to be very difficult, with yields of the order of 
0*2 per cent. However, when full investigations have been 
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carried out on the groups essential for activity, it is to be 
hoped that derivatives will be synthesised with all the 
advantages of penicillin, but with few of its disadvantages.} 

I The isolation by Dubos and Hotchkiss (1941) of the wo 
antibacterial substances gramicidin and tyrocidine from Bacillus 
brevis was the result of rational attempts to produce anti- 
bacterial substances} Dubos started by attempting to find 
a microbial enzyme able to attack the Gram-positive substance 
in pyogenic cocci. This was done by serial subculture of soil 
organisms in a medium containing large amounts of living 
organisms. An organism ( B . brevis) capable of using coccal 
protein as a source of food was thus selected (Dubos, 1939). 
Bacteriostatic substances were found in the growing culture, 
and were shown to be more or less stable alcohol-soluble toxins 
which the organisms released on autolysis (Dubos and Cattaneo, 
1939). From the alcohol extract, the antibacterial substances 
gramicidin and tyrocidine were isolated by crystallisation. 
These are both polypeptides of molecular weight 3000 or less, 
containing relatively large amounts of d-amino acids (grami- 
cidin contains 50 per cent, of d-amino acids) (Hotchkiss, 1944). 
Tyrocidine has many basic groups and shows antibacterial 
properties similar to those of the cationic detergents, i.e. 
combining with or precipitating protein generally ; it is 
therefore of little use therapeutically. Gramicidin has no 
excess of free acidic or basic groups, and is somewhat less 
toxic ; also, it is bacteriostatic rather than directly lethal. 
It is only of use clinically when applied at the site of infection 
as it is too toxic for general use. Recently, Russian workers 
have reported the isolation of another antibiotic polypeptide, 
gramicidin-S (Belozersky and Passhina, 1944). It is believed 
to be a cyclic dcca-peptide, with the following arrangement of 
amino acids : Z- valine, Z-ornitliine, Z-Ieucine, d-phenylalanine, 
Z-proline (Consden, Gordon, Martin and Synge, 1947). 

An antibiotic substance known as streptomycin has been 
isolated from an Actinomycete by Schatz, Bugie and Waksman 
(1944). It is highly active against some organisms not 
attacked by penicillin, such as Mycobacterium tuberculosis 
and the Gram-negative Escherichia coli and Pseudomonas 
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pyocyanea . Its therapeutic value against tuberculosis is at 
present under investigation. 

YThe subject of antibiotics is very much in its infancy. 
Isolations and trials of new substances obtained from micro- 
organisms are continually being reported. The chemistry of 
antibiotics is a large field in itself, and should yield much 
valuable material for future building stones of the science of 
chemotherapy^review, Benedict and Langlykkc, 1947). 



CHAPTER n 


CELL METABOLISM 

The early successes achieved by chemotherapy tended to 
obscure the empirical nature of the researches leading to 
these results. The chief reason for this empiricism was that, 
until comparatively recently, research was concerned mainly 
with the action of drugs when injected into infected animals. 
This method, while it gave satisfactory practical results, 
involved such a host of unknown variables that no real 
advance in knowledge of the mode of action of drugs was 
possible. 

For chemotherapy to grow as a science, attention must 
be devoted to the fundamental aspects of drug action. Drug 
distribution in the host must be understood ; the permeability 
of cells to drugs and the effects of drugs on cell permeability 
must be elucidated ; the altered metabolism and reproduction 
of pathogen in the presence of drug must be interpreted in 
terms of cellular biochemistry. All these problems and more 
constitute the foundations for a science of chemotherapy; 
at the present time we are only beginning to probe their 
nature. We are in the position of an aeroplane pilot flying 
above a fog bank, able to see some imposing peaks, but unable 
to do more than guess at the nature of the foundations of 
those peaks, or to find a way through the fog to a secure base. 
Our best approach to the foundation is to obtain as clear 
a picture as possible of the enzymic make-up of living cells, 
so that, eventually, we can reconstruct in exact chemical 
terms the series of events, which we call cell metabolism, 
by which life is carried on. The knowledge so gained should 
enable us to see through the fog hiding the foundation 
of our science, to appreciate the action of drugs on cell 
metabolism, and so to gain a secure base from which to 
conduct future operations in our search for chemotherapeutic 
substances. 

40 
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Drugs as enzyme inhibitors 

During the last twenty years considerable progress lias 
been made in tracing a rough outline of cellular metabolism ; 
this progress has depended to a large extent on improved 
techniques which permit the isolation of pure enzymes. Even 
before the end of the nineteenth century, however, investigation 
of the crudest enzyme preparations had led to the recognition 
of the fundamental role of these biocatalysts in the living cell. 

Preliminarj' work on enzymes, carried out between 1830 
and 1840, is associated with ’the great names of chemistry 
such as Liebig, Wohler „and Berzelius. Enzymes were then 
pictured ns catalysts similar in action to inorganic catalysts, 
and any suggestion that enzymes were necessarily associated 
with life was strenuously opposed. The correct conclusions 
were only reached after much heated discussion, mostly based 
on yeast formentation, between the chemists, led by Liebig, 
and the biologists, led by Pasteur. Liebig held that yeast was 
a catalyst formed by the action of atmospheric oxygen on 
non-living nitrogenous matter in fermentable liquids. Pasteur 
(1860) concluded that : “ the chemical act of fermentation is 
essentially a phenomenon correlative with a vital act, com- 
mencing and ceasing with the latter. I am of the opinion that 
alcoholic fermentation never occurs without simultaneous 
organisation, development and multiplication of cells or the 
continued life of cells already formed. The results expressed 
in this memoir seem to be completely opposed to the opinions 
of Liebig and Berzelius. If I am asked in what consists the 
chemical act whereby the sugar is decomposed and what is 
the real cause, I admit that I am completely ignorant of it.” 

During the same year (1860) Berthelot showed that by 
maceration and washing of yeast, a cell-free preparation could 
bo obtained which inverted cane sugar in the same way as 
did live yeast. The active principle could be precipitated by 
alcohol, washed and redissolved without loss of activity. He 
accordingly suggestetUhat yeast acted on sugar by means of 
ferments which it washable to secrete. It is clear, he remarks, 
that the living cell itself is not the ferment but the producer of it. 
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Thereafter, more and more enzymes were identified and 
their activities correlated with those of the living cell. Finally, 
in the last quarter of the nineteenth century, we find that the 
enzymic nature of microbial action is fairly well established. 
Thus in 1899, Duclaux in his text book Traite de Microbiologie, 
when discussing the analogy between enzymes and microbes, 
says : “ What one can do, the others can also, and the apparent 
strangeness of this identity of action between something living 
and something lifeless disappears partly when one learns that 
everything which we call the vital manifestation of a microbe 
occurs through the intermediation of an enzyme, which can 
be extracted and function outside of it. . . . Thus we can 
extract from it a substance which respires for the cell, another 
which digests its food, etc.” Duclaux also reaches the interest- 
ing conclusion that the microbial cell does not differ essentially 
from “ higher animals.” 

A logical sequence to the idea that enzymes are associated 
with microbial action is the investigation of the effect of 
antiseptics and drugs on enzymes We find work on this 
subject as early as 1875, when Nasse investigated the effect 
of quinine, caffeine, strychnine and other alkaloids on yeast 
invertase, saliva and the pancreatic ferment ; he found 
considerable inhibition of invertase by quinine and strychnine. 
Hiifner (1874), wanting to find a means of preventing the 
development of micro-organisms in animal fluids without 
destroying soluble ferments, remarked that almost all substances 
capable of killing lower organisms destroy or inhibit the action 
of these ferments. Thereafter, a considerable amount of work 
was done on the inhibition of enzymes by antiseptics, although 
the results were unreliable, as the effect of pH on enzyme action 
was not then appreciated. Comparisons were made between 
the action of antiseptics on certain types of cell-free enzymes 
and on similar enzymes acting in the live bacterial cell ; thus, 
Fermi (1892) compared the action of thymol on trypsin and 
proteolytic bacteria. Duclaux (1899) realised that not all 
antiseptics act adversely on all enzymes, while some enzyme 
poisons do not act as antiseptics. Buchner, Buchner and 
Halm (1903) noted that the inhibitory effect of antiseptics 
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on the fermontativc powers of yeast juico was considerably 
less than their effect on fermentation by living cells. 

After 1900, investigations gradually began to assume a 
more quantitative aspect*. Hata (1909) investigated the effect 
of mercuric chloride, a powerful antiseptic, and showed that it 
inhibited many proteolytic enzymes but that inhibition could 
be reversed by substances, such as K 2 S, which precipitato 
the mercury radical. This important observation on tho 
reversible inactivation of enzymes by mercuric chloride is 
comparable with a much earlier observation that tho dis- 
infectant action of mercuric chloride could bo antagonised by 
ammonium sulphide (Geppcrt, 1889). 

Ehrlich, as a result of his early work on vital staining, was 
one of the first to stress that in cells there e xist substances, 
capable olrmdati oa and reduction whi cli-re gulfttcd the oxygon 
c ontent of the colls. He termed these substances “ chemo- 
receptors,” but unfortunately appeared to ignore their relation 
to enzymes. However, by providing a theory of drug action 
based on direct chemical combination of drug with parasite, 
he stimulated the in-vitro study of the action of drugs on cells. 
Ehrlich’s speculations wero extended by Simon and Wood 
(1914) in the following terms : “ Since intracellular metabolism 
is intimately connected with tho action of enzymes, the question 
has naturally suggested itself whether the deleterious action 
of the dyes may not in part be referable to interference with 
the activity of these components.” They suggest that the 
basic groups of inhibitory dyestuffs combine with acidic 
groups of “ nutriceptors ” of micro-organisms, and so inhibit 
the normal function of the “ nutriceptors,” which is to anchor 
and split foodstuffs. The cell dies, not necessarily because it 
has been poisoned, but because a sufficient number of nutri- 
ceptors have been thrown out of action to bring about its 
starvation or inability to multiply. 

The suggestions of Ehrlich and of Simon and Wood wore 
purely speculative, but they were soon given an experimental 
basis by Jacoby (1916) in a further study of the action of 
mercuric chloride. Jacoby found that the enzyme urease, 
which had been isolated from jack-bean and catalysed the 



42 


THE BASIS OF CHEMOTHERAPY 


Thereafter, more and more enzymes were identified and 
their activities correlated with those of the living cell. Finally, 
in the last quarter of the nineteenth century, we find that the 
enzymic nature of microbial action is fairly well established. 
Thus in 1899, Duelaux in his text book Traits de Microbiologie, 
when discussing the analogy between enzymes and microbes, 
says : “ What one can do, the others can also, and the apparent 
strangeness of this identity of action between something living 
and something lifeless disappears partly when one learns that 
everything which we call the vital manifestation of a microbe 
occurs through the intermediation of an enzyme, which can 
be extracted and function outside of it. . . . Thus we can 
extract from it a substance which respires for the cell, another 
which digests its food, etc.” Duelaux also reaches the interest- 
ing conclusion that the microbial cell does not differ essentially 
from “ higher animals.” 

A logical sequence to the idea that enzymes are associated 
with microbial action is the investigation of the effect of 
antiseptics and drugs on enzymes. We find work on this 
subject as early as 1875, when Nasse investigated the effect 
of quinine, caffeine, strychnine and other alkaloids on yeast 
invertase, saliva and the pancreatic ferment ; he found 
considerable inhibition of invertase by quinine and strychnine. 
Hufner (1874), wanting to find a means of preventing the 
development of micro-organisms in animal fluids without 
destroying soluble ferments, remarked that almost all substances 
capable of killing lower organisms destroy or inhibit the action 
of these ferments. Thereafter, a considerable amount of work 
was done on the inhibition of enzymes by antiseptics, although 
the results were unreliable, as the effect of pH on enzyme action 
was not then appreciated. Comparisons were made between 
the action of antiseptics on certain types of cell-free enzymes 
and on similar enzymes acting in the live bacterial cell ; thus, 
Fermi (1892) compared the action of thymol on trypsin and 
proteolytic bacteria. Duelaux (1899) realised that not all 
antiseptics act adversely on all enzymes, while some enzyme 
poisons do not act as antiseptics. Buchner, Buchner and 
Hahn (1903) noted that the inhibitory effect of antiseptics 
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was suggested by somo important work of Vocgtlin, Dyer and 
Leonard (1023). TJ 10 toxic effect on animals of the nrsenoxido 
group was prevented by simultaneous injection of glutathione, 
a naturally-occurring polypeptide containing a free sulphydryl 
group. On tho basis of tho known chemical combination of 
arsenic with sulphydryl groups, tho suggestion was made that 
arsenical drugs combino with sulphydryl groups in tho coll, 
and inhibit essential metabolic processes associated with these 
groups. An excess of glutathione in tho blood, or even of 
other sulphydryl-containing compounds such as thioglycols, * 
can protect tho essential cellular sulphydryl compounds. It 
is interesting to note that Ehrlich (1909) also suggested, but 
without experimental foundation, that sulphydryl groups 
could act as “ chcmo-rcceptors ” for metals. 

Investigations from 1913 until 1929 by Warburg and by 
Keilin included studies on tho effect of poisons and narcotics 
on tho respiration of intact organisms, and provided a much- 
needed link between isolated enzymes and cellular metabolism. 

In living intact cells, inhibition of respiration by a homologous 
scries of narcotics, such as tho urethanes or aliphatic alcohols, 
was found by Warburg (1914) to increase with increase in 
chain length, following lipoid/water distribution coefficients. 
When the same narcotics were added to cell-free enzyme 
preparations the homologous series rule also applied, but 
inhibition was less than in tho intact cell ; Warburg suggested 
that this was due, at least in part, to tho selective action of 
the cell membrane which transmitted lipoid-soluble substances 
rapidly to the interior of the cell. Certain lipoid-insolublo 
substances, such as barium chloride, had no inhibitory effect 
on intact cells, but acted as powerful poisons after damage of 
the cell wall. Cyanide, although it has an oil/water distribution 
coefficient of only 0-1, inhibited respiration at far lower 
concentration than narcotics and had a highly specific effect 
in preventing the uptake of oxygen. Warburg interpreted this r“ 
effect as indicating the presence in cells of a cyanide-sensitive 
enzyme system {Atmungsfer merit) specially designed to activate 
molecular oxygen. The nature of this system, which oven 
now is not fully understood, began to bo elucidated after 
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decomposition of urea to ammonia and carbon dioxide, was 
affected by mercuric chloride in the same way as were the 
bacteria which cause ammoniacal fermentation of urea. The 
concentration of mercuric chloride required to inhibit jack- 
bean urease was of the same order as that required to prevent 
ammoniacal fermentation by bacteria. The urea-splitting 
activity of the bacteria was, however, inhibited by concentra- 
tions of poisons which did not kill the bacteria. Inhibition 
of urease by mercuric chloride could be reversed by ICON. 
Jacoby, from a consideration of his results, suggested that three 
types of cell poisons could be distinguished : — 

(1) Poisons acting by damaging gross cell structure. 

(2) Poisons acting on reproduction and the synthesis of 

enzymes ; the growth of a bacterial culture being 
inhibited when the synthesis of its enzymes is 
prevented. 

(3) Poisons acting directly by chemical combination with 

enzymes already present in the cell. 

Jacoby’s ideas differ little from those which we hold to-day, 
and experimental evidence has been slowly collected supporting 
and extending those ideas. 

Among the pioneers, Rona in 1920 made a quantitative 
study of the effect of chemotherapeutic drugs on enzymes. 
Rigid control of pH provided reliable results for the action 
of quinine and its derivatives on invertase and serum lipase, 
and for seven arsenical drugs on urease and serum lipase 
(Rona and Gyorgy, 1920 ; Rona and Petow, 1920 ; Rona and 
Bach, 1920 ; Rona and Bloch, 1921 ; Rona and Reinicke, 
1921). The arsenicals provided interesting examples of 
specificity ; atoxyl and arsenic acid inhibited serum lipase 
but not urease, while methyl-arsenoxide inhibited urease but 
not lipase : atoxyl had no effect on lipase from guinea-pig 
serum, but was particularly active against human serum 
lipase. The toxicity of quinine and its derivatives was found 
to be directly dependent on pH, the results indicating that 
the free base is the toxic form of the drug. 

The actual site of attack of arsenical drugs on enzymes 



CELL METABOLISM 


47 


oxidation more than another. Exposure of Escherichia coli 
to copper sulphate, followed by washing, resulted in the 
elimination of many oxidising mechanisms which could be 
restored by treatment with hydrogen sulphide. 

Quastel’s next step was to obtain in cell-free state the 
enzymes (known as dehydrogenases) which oxidised individual 
Bubstrates, and he compared the action of antiseptics on those 
enzymes with their action on the intact cell. He followed this 
with valuable work, which will bo discussed in Chapter VII, 
on the effect of the structure of antiseptics on their enzyme- 
inhibitory properties. 

We have traced the growth of the idea that drugs act by 
inhibiting the normal enzymic reactions of the cell, and have 
now to see how far this theory can elucidate the mass of 
experimental data collected during the growth of chemo- 
therapy. Before proof can be secured of the site of action 
of any particular drug, the enzymic processes which are 
assumed to be inhibited must be understood. At the time 
when Quastel was demonstrating the existence and inhibition 
of the dehydrogenating mechanisms of bacteria, the role of 
these dehydrogenases in metabolism was largely unknown. 
Since 1930 enzyme chemists have been concerned in elucidating 
the essential energy-yielding processes of the living cell ; they 
have identified scores of enzymes and even obtained many in 
a highly purified crystalline state. The work has proceeded 
at such a pace that investigation of the action of drugs on 
enzymes has lagged behind the isolation of the enzymes 
themselves. Our best course, therefore, will be to outline in 
the rest of this chapter the present state of knowledge of the 
function of enzymes in intermediary metabolism, and in later 
chapters to interpret drug action in the light of tins knowledge. 

Nature of enzymes 

All known enzymes are proteins with, so far as is known, 
much the same amino acid composition as other proteins. 
Many enzymes carry bound to the protein a relatively low 
molecular weight group, not linked by covalent bonds to the 
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Keilin (1925) had demonstrated the importance in lining cells 
of iron porphyrin pigments to which ho gave the name 
cytochrome. The oxidation of cytochrome in the living cell 
was found to be specifically inhibited by cyanide. 

The specific action of cyanide was also demonstrated by 
Meyerhof (1917) in acetone-killed bacterial cells. Such cells 
had been shown by Cathcart and Hahn (1902) to reduce 
methylene blue in the absence of oxygen. Meyerhof found 
that inhibition of respiration by cyanide was much reduced 
■ by methylene blue, thus showing that the dye was taking the 
place of the cyanide-labile “ Atmungsferment.” The inhibition 
produced by narcotics was unchanged in the presence of 
methylene blue. 

With the exception of one study on the inhibitory action 
of arsenic acid on cellular respiration (Onaka, 1910), little work 
on chemotherapeutic drugs was carried' out by Warburg and 
his school, but the gap began to be filled in 1927 with the work 
of Quastel on the effect of antiseptics on metabolic processes 
of bacteria (Quastel and Wooldridge, 1927 a and b ; Quastel 
and Wheatley, 1931 ; Quastel, 1931). Tho basis for this 
work was the fact that, in the presence of certain organic 
substances (known as substrates) which are broken down by 
cells, bacteria are capable of reducing anaerobically large 
quantities of methylene blue. This process Quastel attributed 
to “ activation of the substrate ” by specific enzymes of the 
organism. Exposure of bacteria to various antiseptics resulted 
in varying degrees of loss in capacity to oxidise individual 
substrates. Quastel’s aim in this work is made clear in the 
statement . . . “ Whether this experimental method will 
enable us to perceive precisely how an antiseptic exerts its 
lethal effect still remains to be seen, but it is clear that the 
method will allow us to compare and contrast the effects of 
certain lethal materials in a manner much more extensive 
> than has hitherto been possible ” (Quastel and Wooldridge, 
1927). The toxicity of antiseptics, such as dyes, was not due 
to a general lethal action, since some activating mechanisms 
remained intact even after death of the cell, while specificity 
in action of dyes was also found — one dye inhibiting a certain 
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Test of the molecule and not built up from amino acids on the 
normal protein-peptide pattern. This group in some enzymes 
is sufficiently firmly bound to be regarded as part of the enzyme 
molecule, and is in these cases usually referred to as a prosthetic 
group. In other cases, the union is reversible, and in solution 
the enzyme exists with this group (known then as the coenzyme) 
largely in the free state. Families of enzymes are known 
which have a common prosthetic group or coenzyme. Each 
member of such a family differs from the others in its specific 
protein which determines the nature of the reaction catalysed. 
It follows that the protein must possess some unique con- 
figuration capable of exerting a special influence on both 
substrate and prosthetic group. The exact nature of this 
influence remains a matter for speculation ; our ignorance on 
tills point is covered by the statement that the substrate 
combines with, and is “ activated ” by, the “ active centre ” 
of the enzyme. 

A fundamental problem faces any chemist investigating 
the reactions by which cells convert carbohydrates, fats or 
nitrogenous foodstuffs to water, to carbon dioxide or to the 
varying end products of cellular metabolism. Many of the 
substances involved are stable and most of the reactions 
involved cannot be carried out in the laboratory under 
physiological conditions. The biochemist therefore calls 
the useful word “ activation ” to his aid, and postulates 
that living cells have the ability to activate molecules 
through the use of. enzymes. The exact physical forces 
involved in activation are unknown, but there is no doubt 
that enzymes, even when separated from the parent cells 
and transferred to the inhospitable environment of the 
chemical laboratory, can catalyse reactions with remarkable 
efficiency. 

The energy liberated during the complete oxidation of a 
carbohydrate is considerable. The cell has evolved a whole 
scries of integrated partial oxidations by which this energy 
is liberated or stored in small manageable packets ; these are 
utilised for “ coupled ” reductions of other foodstuffs or to 
force essential synthetic or endothermic reactions by which 
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the insect struggled violently or when it was deprived of 
oxygen, and disappeared when oxygen was present and the 
insect quiescent. Keilin concluded that the observed spectrum 
was that of the reduced form of a respirator}' pigment which 
in the oxidised form had no characteristic absorption bands. 
Cyanide, wliich inhibited all respiration, also inhibited oxida- 
tion of the reduced form of pigment. Keilin was later able 
to show from spectroscopic studies that there were at least 
three such pigments which he named cytochromes a, b and c. 
The cytochromes are widely distributed, occurring in animals, 
plants and micro-organisms, • and their absorption spectra 
(Fig. 1) indicate that all three are hemochromogen pigments 
(Keilin, 1925, 1929, 1933). 

The nature of cytochromes a and b is still unknown, as they 
have not been isolated, but they are probably mixtures of 
several components. Cytochrome c, wliich can be purified, 
has been found by Theorell to be a heat-stable hematin- 
protein of molecular weight 13,000; the porphyrin nucleus 
is firmly bound, probably through thioether linkages, to the 
protein. From degradative studies, Theorell has suggested 
the formula depicted in Fig. 2 (Theorell, 1938, 1941 ; Theorell 
and Akesson, 1941). 

Purified cytochrome c containing ferric iron can be reduced 
to the ferrous iron form by various reducing agents and 
re-oxidised by ferricyanide, but the reduced form is not 
oxidised at physiological pH by oxygen. In the living cell, 
reduced cytochrome c is readily re-oxidised in the presence 
of oxygen ; hence there must be some system responsible for 
the physiological oxidation of reduced cytochrome. The nature 
of the enzyme which activates molecular oxygen and re- 
oxidises reduced cytochrome was indicated when Keilin found 
that cytochrome does not combine with cyanide or with 
carbon monoxide although botli these poisons prevent its 
oxidation in the living cell. Carbon monoxide forms com- 
/ pounds with ferrous iron and particularly with iron porphyrins 
such as hemoglobin ; in the case of hemoglobin such a 
compound is dissociated by light. Warburg (1926) showed 
that when the oxygen uptake of intact yeast cells was inhibited 
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the insect straggled violently or when it was deprived of 
oxygen, and disappeared when ox} T gen was present and the 
insect quiescent. Keilin concluded that the observed spectrum 
was that of the reduced form of a respiratory pigment which 
in the oxidised form had no characteristic absorption bands. 
Cyanide, which inhibited all respiration, also inhibited oxida- 
tion of the reduced form of pigment. Keilin was later able 
to show from spectroscopic studies that there were at least 
three such pigments which he named cytochromes a, 6 and c. 
The cytochromes are widely distributed, occurring in animals, 
plants and micro-organisms, and their absorption spectra 
(Fig. 1) indicate that all three are hremochromogen pigments 
(Keilin, 1025, 1029, 1933). 

The nature of cytochromes a and b is still unknown, as they 
have not been isolated, but they are probably mixtures of 
several components. Cytochrome c, which can be purified, 
has been found by Theorell to be a heat-stable hcematin- 
protein of molecular weight 13,000; the porphyrin nucleus 
is firmly bound, probably through thioether linkages, to the 
protein. From degradative studies, Theorell has suggested 
the formula depicted in Fig. 2 (Theorell, 1938, 1941 ; Theorell 
and Akesson, 1941), 

Purified cytochrome c containing ferric iron can be reduced 
to the ferrous iron form by various reducing agents and 
re-oxidised by ferricyanide, but the reduced form is not 
oxidised at physiological pH by oxygen. In the living cell, 
reduced cytochrome c is readily re-oxidised in the presence 
of oxygen ; hence there must be some system responsible for 
the physiological oxidation of reduced cytochrome. The nature 
of the enzyme which activates molecular oxygen and re- 
oxidises reduced cytochrome was indicated when Keilin found 
that cytochrome does not combine with cyanide or with 
carbon monoxide although both these poisons prevent its 
oxidation in the living cell. Carbon monoxide forms com- 
pounds with ferrous iron and particularly with iron porphyrins 
such as hemoglobin ; in the case of htemoglobin such a 
compound is dissociated by light. Warburg (1926) showed 
that when the oxygen uptake of intact yeast cells was inhibited 
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by carbon monoxide and the poisoned cells were then exposed 
to light of suitable wavelength, respiration was resumed. 
The effectiveness of light in reversing the carbon monoxide 
inhibition varied with the wavelength used. If the absorption 
coefficient (i.e, the effectiveness of the light in restoring 



Fia. 2.— Structure of cytochrome c. (Theorell, 1941.) 


respiration) was plotted against wavelength, a photochemical 
absorption curve was obtained closely similar to that of 
carboxy-hiemoglobin (Warburg and Ncgelein, 1028). Warburg 
accordingly suggested that hiemin iron in the form of a 
thermolabile enzyme (the Almungsfermmt) played a vital part 
in respiration. Warburg’s Almungsferment is inhibited by 
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and Eicliel, 1947). Tho spectrum of cytochrome oxidase lias 
been provisionally identified by direct spectroscopy (Keilin 
and Hartrcc, 1939). 

If we represent enzymic protein by a circle, “ activated ” 
oxygen by the symbol 0 Act and the oxidised and reduced forms 
of cjdochrome as (Fe +++ ) and (Fo ++ ) respectively, tho oxidation 
of reduced cytochrome in cellular metabolism can be depicted 
diagrammatically as in Fig. 3. The representation of the 
activated complex as containing 2 mols. of cytochrome is not 
intended to imply that the reaction is necessarily trimolecular. 
The source of the protons (H+) will become evident when we 
extend our discussion to the biological mechanism for reduction 
of cytochrome to the (Fe ++ ) form. 

Flavoprotein enzymes 

Keilin showed by spectroscopic observation that in living 
cells cytochrome is reversibly reduced and oxidised, and, 
with cytochrome oxidase, provides a mechanism for the 
participation of molecular oxygen in respiration. If purified 
cytochrome c is reduced chemically and added to cytochrome 
oxidase preparations, in the presence of oxygen it is rapidly 
converted to the oxidised form, but in the absence of oxygen 
is not re-reduced, as it is in the living cell. The living cell 
must therefore possess a mechanism for the reduction of 
cytochrome c. A whole group of respiratory enzymes, known 
as flavoproteins, has been isolated and crystallised ; some of 
these probably provide a mechanism for the in-vivo reduction 
of the cytochromes and can be used in vitro to reconstruct 
artificial systems in which the oxidation-reduction cycles of 
living cells arc simulated. 

The first flavoprotein to be isolated was the “ old yellow 
enzyme,” discovered by Warburg and Christian (1932) and 
later crystallised by Theorell (1935). By dialysis against 
dilute acid, the enzyme can be split into a soluble yellow 
prosthetic group, and a colourless protein which is insoluble 
in acid but redissolves on neutralisation. On addition of the 
yellow dialysate to the neutralised protein solution, the 
enzyme is rapidly reconstituted. The yellow prosthetic group 




*raosf OJ . * r wiiice(j „ . 8 ^^in. 

D , --m re - - S23^»» 

°chromo * Pp to *i„v . 


WocArome 0 xir7» *'•*+. 

iS-f^ SS= i""» •.«, 

“!S io » £^* *«&%L£*SZ£ l £ a 

SUPCfton; CQ 


‘ u ‘>ue Jor tJ 

S-jSSs-SsSSi 




CELL METABOLISM 


55 


of cytochrome c, it is rapidly converted to the oxidised form, 
while cytochrome c is simultaneously reduced. The three 
proteins cytochrome reductase, cytocliromo c and cytochrome 
oxidase therefore provide a limited system for the catalysis 





Fio. 4, — Aerobic oxidation ; flavoprotein-cytochrome system. (Oxidised 
cytochrome is represented by F6+++, reduced cytochrome is represented 
by Fe++, cytochrome reductase is abbreviated to CYT. REDUCT.) 


of the reaction H 2 4-i0 2 ->-H 2 0. The series of reactions 
involved is represented diagrammatically in Fig. 4, the reduced 
and oxidised forms of riboflavin being represented as — FlavH 2 
and — Flav ; other abbreviations are as in Fig. 3. 

The second yellow enzyme which is believed to act through 
the cytochrome system is known as diaphorase. and was 
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has been identified as alloxazinc mononucleotide, the phos- 
phoric ester of riboflavin, a member of the vitamin B complex 
(Review : Thcorell, 1937). 


CH„.O.PO,H, 


CH 2 .O.PO,H 2 


CH; 

CH. 


OHCH 

OHCH 

OHCH 

1 

OHCH 

OHCH 

i 

oh(!;h 

CHo 

ch 2 

1 ‘ 

r \/ N ' X '/ N \;=0 — CH,/' 

/ 

12 

-A 

— z 

A n Ac> 

A n A c /' 


tsIH 


A//oxazine mononuc/eotic/e 


Dthydro-alloxazine mononucleotide 
(leuco form) 


The yellow solution of riboflavin phosphate is readily 
reduced by hyposulphite to the colourless “ leuco ” form, as 
indicated in the formulae above. The “ leuco ” flavin is 
reoxidised to the yellow quinonoid form by shaking with air. 
The complete flavoprotein behaves in the same way and thus 
might act as a cellular catalyst for the transfer of hydrogen 
to molecular oxygen. However, the oxidation of the reduced 
enzyme in air is so slow that it is unlikely to be of much use 
to the cell and cannot account for more than a small fraction 
of the observed oxygen uptake of aerobic cells. 

The “ old yellow enzyme ” is incapable of reducing cyto- 
chrome, but two other fiavoprotems have been isolated which 
probably act as cellular reducing agents for the cytochrome 
system. Cytochrome reductase , isolated from yeast by Haas, 
Horecker and Hogness (1940), has the same molecular weight 
as the old yellow enzyme (78,000) and the same prosthetic 
group, but has quite distinct catalytic properties. The 
reduced “ leuco ” form of cytochrome reductase is not 
oxidised by molecular oxy'gen ; but, if added to a solution 
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for reducing the flavin enzymes. It will be remembered how 
Quastel showed that bacteria were capable of dehydrogenating 
various normal metabolites anaerobically in the presence of 
methylene blue, which acted as a hydrogen acceptor. A 
whole group of enzymes, the pyridine nucleotide dehydrogenases, 
have since been identified as specific catalysts for the 
dehydrogenation' of such metabolites. These dehydrogenases 
in turn reduce diaphorase or cytochrome reductase and 
thus act as catalysts for the aerobic oxidation of cellular 
metabolites. 

Pyridine nucleotide dehydrogenases 

We have already remarked on the controversy carried on 
for about twenty years between the adherents of the theories 
of Liebig and of Pasteur on the nature of enzymes. Much 
of the support for Pasteur’s belief in the “ vital ” origin of 
ferments depended on the fact that all early experiments 
designed to produce fermentation in the absence of living cells 
had failed. Berthelot, it will be remembered, expressed the 
view that organisms were not themselves ferments but rather 
the producers of ferments, but he had been unable to ferment 
sugar and produce carbon dioxide and alcohol in the absence 
of living cells. A method of preparation from yeast of a cell- 
free filtrate capable of fermenting sugar was discovered by 
Buchner (1897). Buchner concluded that “ the production of 
alcoholic fermentation does not require so complicated an 
apparatus as the yeast cell, and that the fermentative power 
of yeast-juice is due to the presence of a dissolved substance — 
Zymase.” Harden and Young (1906) showed that Buchner’s 
juice could be separated into a thermolabile protein component 
and a thermostable dialysable component to which they gave 
the name Co-zymase. Neither component was active by 
itself, but together they constituted the whole activity of 
zymase. 

The nature and function of Co-zymase, or as it was later 
called, coenzyme I, remained something of a mystery for more 
than twenty years. Prom 1D25 to 1935 methods were gradually 
worked out for its purification, and it was finally identified as 
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purified by Straub (1939). Its prosthetic group was identified 
as alloxazine adenine dinucleotide. 


-Ribityl— O — P— O — P— O — Ribityl — 

I 1 

OH OH 


CH; 

CH, 


N\ .N\ 

\C=0 


o 


j!lH 


HC 


N — c/ V:H 


Lh 2 


Alloxazine adenine dinucleotide 


Diaphorase, like cytochrome reductase, can be reduced 
to a colourless leuco-form which does not re-oxidise on shaking 
with air, but reduced diaphorase fails to react with cytochrome 
c. When added to the complete cytochrome-cytochrome 
oxidase system, reduced diaphorase is, however, extremely 
rapidly oxidised by a cyanide-sensitive heat-labile enzyme 
system, which is presumably one of the group of a or b cyto- 
chromes. The transfer of hydrogen from the dihydro-iso- 
alloxazine group of reduced diaphorase to molecular oxygen 
may be represented by the following linked series of 
reactions. 

© 

Dihydro-diaphorase ) I Diaphorasc+2(H) 

+ [ v -j + 

2 Cytochrome J (2 Reduced cytochrome 


2 Reduced cytochrome 

+ 


i 0,+2(H) 


CYTOCHROME 

OXIDASE 


2 Cytochrome 


+ 

,o 


These flavin enzymes are widely distributed in the cells of 
animals and micro-organisms and, with the cytochrome system, 
provide a catalytic mechanism for the participation of oxygen 
in cellular metabolism under physiological conditions. If 
this system is to work, the cell must also possess methods 
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mode of action (Warburg, Christian and Griese, 1936). Both 
diphosphopyridine nucleotide and triph osphopyr idine nucleo- 
tide have characteristic absorption spectra, and both undergo 
a similar change in spectrum when reduced with alkaline 
hyposulphite. Reduction involves the uptake of two hydrogen 
atoms ; its nature was indicated when nicotinamide methiodide 
was shown to undergo a similar reduction with similar change 
in absorption spectrum (Karrer, Kahnt, Epstein, Jaffe and 
Ishii, 1938; Karrer, Ishii, Kahnt and van Bergen, 1938). 
This reduction of the methiodide can be represented as follows : 


H 

H 

h/Nconh, 

h/Nconh, 


‘ ,1 /H 

H V H 

+2H H V n A h 

CH> 

U + HI 


Warburg found that coenzyme 11 showed a change in 
absorption spectrum when added to a solution of red cell 
enzyme -fglucose-6-phosphate ; in other words, an enzymo 
existed in blood corpuscles capable of catalysing the transfer 
of hydrogen from glucose-6-phosphate to triphosphopyridine' 
nucleotide, so bringing about the oxidation of glucose- 6- 
phosphate. The enzyme, known as glucose -phosphate dehydro- 
genase, was also found to occur in yeast (Warburg, Christian 
and Griese, 1935 ; Negelein and Haas," 1935 ; Negelein and 
Gerischer, 1936). If purified glucose- 6-phosphate dehydro- 
genase is added to a solution of glucose -6-phosphate and 
triphosphopyridine nucleotide, glucose- 6-phosphate is con- 
verted to phosphogluconic acid only in so far as there is 
unreduced triphosphopyridine nucleotide available to act as 
hydrogen acceptor. Dihydro -triphosphopyridine nucleotide is 
not capable of transferring hydrogen directly to molecular 
oxygen, but requires cytochrome reductase to accept its 
hydrogen. In fact, the two flavin enzymes, diaphorase and 
cytoclirome reductase, act as specific catalysts for the transfer 
of hydrogen from reduced coenzymes I and II through the 
cytochrome system to oxygen. The system for the oxidation 
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a pyridine adenine dinucleotide with the structure shown in 
Tig. 5 a (Euler and Schlenk, 1937). 

While the work on coenzyme I was still incomplete, 
Warburg and Christian (1931) discovered a different thermo- 
stable coenzyme in red blood cells. They found that laked 




Fia. 5b. — Coenzymo II (tnphospbopyridine nucleotide). 


horse erythrocytes gave an enzyme system capable of oxidation 
of glucose -6 'phosphate, and separated the system into a 
thermolabile enzyme and a thermostable substance, coenzyme 
II t which resembled, but was not replaceable by, coenzyme I. 
Warburg isolated coenzyme II, determined its structure 
(triphosphopyridine nucleotide. Fig. 5 b) and elucidated its 
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system plays no part in these “ linked ” oxidation-reductions 
is indicated by the absence of any cytochrome absorption 
bands in suspensions of certain bacteria. -Bacteria may be 
classed as aerobes, facultative anaerobes (which can utilise 
oxygen but may be able to grow in its absence) and strict 
anaerobes (which only grow when oxygen is completely 
excluded). The accompanying Table 1 shows the occurrence 
of cytochrome in some bacteria in each of these classes. 
Among the facultative anaerobes one or more of the absorption 
bands of the cytochrome complex is often found to bo missing, 
while in the strict anaerobes no cytochrome hands are visiblo. 


Table 1 

Distribution of cytochromes in bacteria 


Organism 

Respiratory Character 

Cytochromes 

B. anthracis 

M. tuberculosis . 

8. aureus . 

V . choleras . 

E. typhosa 

S. dysentericc 

L. delbruckii 

Cl. ivelchii . 

Cl. tetani . 

Aerobe 

Aerobo 

Aerobe 

Aerobe 

Facultative anaerobe 
Facultative anaerobe 
Facultativo anaerobe 
Anaerobe 

Anaerobe 

Present * 

Present 

Fresent 

Present 

Partially present 
Partially present 
Absent 

Absent 

Absent 


(Adapted from Stephonson, 1939) 


The presence of pyridine nucleotides and tlioir dehj'dro- 
genases in both aerobic and anaerobic cells, coupled with the 
absence of the cytochrome system from anaerobic cells, suggests 
similarity in the metabolic pathways in both types of cells up 
to a common point ; beyond this point in aerobic cells the cyto- 
chrome system evidently takes over. As we have seen, aerobic 
cells contain two important flavoprotein enzymes which are 
specifically designed to convert the dihydro-pyridine nucleotides 
to the oxidised form through the cytochrome system, so 
making the two coenzymes available for further reaction 
with dehydrogenase and metabolite. Anaerobic cells must 
achieve the same re-oxidation of dihydro -pyridine nucleotides 
by other means. An example of such a mechanism is provided 
by the dehydrogenase which catalyses the dehydrogenation 
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of glucose-6-phosphate to phosphogluconic acid and water 
may then be represented diagrammatically as follows : — 


Gfucose-6- 

phosphate 

+ 

Tnphosphopyridine 
nucleotide (T-P-N.) 


GLUCOSE-6-PHOSPHATE 

DEHYDROGENASE 


Phosphogluconic 
act d 
+ 

T.P.N.(H,) 


T.P.N.{H,) 

+ 

Cytochrome 

reductase 


{ 


T.P.N. 

Dihydro-cytochrome 

reductase 


bihydro-cytochrome 

reductase 

+ 

2 Cytochrome c 


1 

I 


Cytochrome reductase 

+ 

2 Reduced 
cytochrome c 
® 

+1 (H) 


2 Reduced 
cytochrome c 


+2 (H) + iO, 


CYTOCHROME 

OXIDASE 


( 2 Cytochrome c 

5,o 


Glucose- 6-phosphate dehydrogenase is only one of a large 
group of enzymes which catalyse the transfer of hydrogen 
from metabolite to one of the pyridine nucleotides.. Many of 
these enzymes, known collectively as the pyridine nucleotide 
dehydrogenases, have been isolated in crystalline form (see 
review, Schlenk, 1945). By activating metabolites they 
provide the first link in a chain of oxidation-reduction reactions 
which results in a stepwise transfer of hydrogen from cellular 
metabolite to molecular oxygen as indicated in the above 
scheme. They do much more than this however, since they 
function in anaerobic as well as in aerobic metabolism. 

We have already noted that under anaerobic conditions, 
but in the presence of methylene blue, both animal and 
bacterial cells can catalyse the oxidation of metabolites with 
simultaneous reduction of methylene blue to the " leuco ” 
form. Living anaerobic cells obviously cannot utilise methy- 
lene blue as their biological hydrogen acceptor. Nevertheless, 
in a closed anaerobic system, each oxidative step must be 
accompanied by a corresponding reduction, and cells capable 
of anaerobic metabolism must possess means for the removal 
of hydrogen from reduced coenzymes. That the cytochrome 
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of conversion of nucleotide to clihydro-nucleotide. The point 
where the curve flattens represents the equilibrium point for 
the original mixture. If, after equilibrium has been reached, 
more alcohol is added to the system, the extinction coefficient 
is increased, thus indicating further conversion of nucleotide 
to dihydro-nucleotide ; if aldehyde is added the opposite 
effect is observed. 

The equilibrium constant (K) for the reaction may bo 
calculated from such spectrophotometric data (Negelein and 
Wulff, 1937). According to the law of mass action, 

[D.P.N.] [Alcohol] 

[D.P.N.HJ [Aldehyde] 

(concentration of reactants is indicated by [ ] ). At pH 
7*0 and 38°, K. was calculated to be 2* 14x10*. This means 
that when the coenzyme is half reduced, i.e. when 

[D.P.N.] = [D.P.N.HJ, the value ~ 2-14X10* 

In other words the equilibrium is greatly in favour of 
accumulation of alcohol, a concentration of 2*14x10* mols. 
of alcohol per raol. of aldehyde being possible. Under physio- 
logical conditions, therefore, the reaction will proceed in the 
direction of alcohol formation with consequent conversion of 
reduced pyridine nucleotide to the oxidised form. Acet- 
aldehyde, as we shall see, is one of the main intermediary 
products of anaerobic fermentation ; its reduction to alcohol 
thus provides a method for the anaerobic removal of hydrogen 
from dihydro-diphosphopyridine nucleotide. What is in 
reality occurring is an oxidation of one substrate coupled with 
simultaneous reduction of another. 

Metabolism of carbohydrate brought about in the absence 
of oxygen is called fermentation, the particular type of 
fermentation taking its name from the predominant end- 
product ; thus, alcoholic fermentation, acetic acid fermenta- 
tion, propionic acid fermentation, acetone fermentation, lactic 
acid fermentation, butyric acid fermentation, and so on. 

The question might well be asked, what does the cell gain 
by fermentation ? Carbohydrate seems to be the main 
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of alcohol to acetaldehyde. This enzyme has been isolated 
from yeast cells in crystalline form, and requires diphospho- 
pyridine nucleotide as a coenzyme (Negelein and "Wulff, 1937). 
The reaction involved in the oxidation of alcohol can be 
represented as 

Acetaldehyde 
-h 

D.P.N.(Hj) 

Like most enzymic reactions, the reaction is reversible ; the 
direction depends on the amounts of the .reactants present and 


tthyl c/cono/ 

+ 

D.P.N, 


ALCOHOL DEHYDROGENASE 



Time 

Fig. 6 — Reversible oxidation and reduction of diphosphopyridme 
nucleotide by alcohol dehydrogenase in the presence of alcohol or 
acetaldehyde Starting mixture contains diphosphopyridme nucleotide 
and alcohol. (Adapted from Euler, Adler and Holstrom, 1936 ) 


on external conditions such as pH and temperature. The 
course of the reaction in an isolated and purified preparation 
can be readily followed spectrophotometrically since the 
reduced form of coenzyme has a distinct absorption band at 
340 rayi wbicb disappears on oxidation. If purified dehydro- 
genase, alcohol and excess diphosphopyridine nucleotide are 
mixed and the change in extinction coefficient with time is 
plotted (Fig. 6), a curve is obtained representing the degree 
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energy-provider of metabolism, the free energy change in the 
complete oxidation of glucose to carbon dioxide and water being 
G8G kg. cals. /mol. In the absence of oxygen, the cell is forced 
to obtain energy by carrying out either molecular rearrange- 
ments which involve gain in free energy, -or coupled reactions 
in which energy released by one change is utilised to force 
another reaction. The overall energy yield in these cases is 
very much less than in total oxidation ; ethyl alcohol fermenta- 
tion makes available only 7-9 per cent, of the total energy of 
aerobic oxidation, while the most efficient fermentation, that 
giving rise to propionic acid, only yields 79 kg. cals, per gram 
mol. The rest of the potential energy of combustion remains 
unused in the waste products of fermentation. This great waste 
of energy is probably compensated for by the independence 
of oxygen supply which the cell gains tlirough adopting this 
mode of life. 

Energy transfer and organic phosphate 

Many micro-organisms are able to grow on media consisting 
of inorganic salts plus a single organic compound such as glucose, 
glycerol or acetic acid. During growth, protein, polysaccharide, 
fat and all the various complex organic molecules which go to 
make up the living cell are synthesised. Many reactions of 
these synthetic processes involve an increase in free energy, 
and may only occur if coupled in some way with reactions 
able to supply the necessary energy. The nature of the 
energetic coupling between energy-liberating ( excrgonic ) re- 
actions and energy -consuming (endergonic) reactions is therefore 
a fundamental problem of cellular metabolism (Fruton, Ball, 
Bergmann, Kalckar, Meyerhof and Smythe, 1944 ; Lipmann, 
19466). It is incidentally of considerable interest in any 
study of the mode of action of drugs, since certain cell poisons 
inlubit cell synthesis without inhibiting oxidation (Clifton and 
Logan, 1939 ; Hotchkiss, 1944 ; Spiegelman and Kamen, 
1946). 

One method of energetic coupling has already been 
mentioned, linked oxidation-reduction. In the reduction of 
pyruvic acid to lactic acid there is an increase in the free 
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The formation of adenosine triphosphate from adenosine 
diphosphate and phosphoric acid is endergonic, so also is the 
formation of diphosphoglyceric acid from phosphoglyceric acid 
and phosphoric acid. The necessary energy for the uptake 
of inorganic phosphate is supplied by the oxidation of aldehyde 
to acid and this energy is transferred to adenosine diphosphate 
with transfer of the phosphate group. Adenosine triphosphate 
may then be considered to contain an “ energy-rich ” phosphate 
bond. 

An enzyme, hexokinase, has also been purified and crystal- 
lised, which, in the presence of a thermostable coenzyme 
identified as adenosine triphosphate, is capable of catalysing 
the phosphorylation of glucose (Berger, Slein, Colo wick and 
Cori, 1946 ; ICunitz and McDonald, 1946). As already 


G/ucose + A.T.P. HEXOKINASE Glucose-i-phosphatc + A D.P. 


mentioned, the phosphorylation of glucose by inorganic 
phosphate is an endergonic reaction but, in the presence of 
hexokinase and adenosine triphosphate, glucose is phos- 
phorylated with simultaneous evolution of heat. The energy 
for the reaction is provided by the energy-rich phosphate of 
adenosine triphosphate which is transferred to glucose, while 
adenosine triphosphate is converted to adenosine diphosphate. 

There occur in the living cell various organic compounds 
of phosphorus in which it is possible to distinguish two types 
of phosphate bond (Lipmann, 1941 ; Kalckar, 1941). Where 
phosphoric acid is linked to an alcoholic hydroxyl, as in the 
sugar phosphates, the free energy change on hydrolysis is only 
of the order of 1 to 3 kg, cals, per mol. If phosphoric acid 
is linked to nitrogen as in creatine phosphate, to a 
carboxyl group as in diphosphoglyceric acid, or to another 
phosphate group as in adenosine triphosphate, the free energy 
change on hydrolysis is very much greater, being of the order 
of 8-10 kg. cals, per mol. These compounds contain the 
energy-rich phosphate bonds referred to previously. Adeno- 
sine triphosphate appears to function as a carrier and reserve 
of energy-ricli phosphate bonds, and by its intervention 
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coupling of an exergonic oxidative reaction with an endergonic 
uptake of inorganic phosphate. The phosphate, by a 
mechanism of phosphate transfer, was made available for the 
phosphorylation of hexoso. Phosphoglyceraldehyde, in the 
presence of inorganic phosphate and its specific dehydrogenase 
is oxidised and phosphorylated to diphosphoglyceric acid. 
Dipho'sphopyridine nucleotide acts as coenzyme and hydrogen 
acceptor. The exact mechanism of phosphate uptake is not 

3-Pfcosphog/ycer- 
aldehyde 
+ 

H,PO t +D.P N.* 

quite clear ; Warburg suggests that 3-phosphoglyccraldeh3 r de 
forms a loose addition compound with phosphoric acid prior to 
oxidation. Diphosphoglyceric acid, in the presence of adenosine 

3-Phosphoglyceraldehyde 

I I (non-enzymatic) 

I l 

1 : 3-Diphosphoglyceraldehyde 


I PHOSPHOGLYCERALDEHYDEj 
f DEHYDROGENASE 


. I : 3-Dipho$pho- 
glyceric acid 
+ 

D.P.N.(H,) 


diphosphate and a specific dephosphorylating enzyme (crystal- 
lised by Bucher, 1942), is transformed to monophosphoglyceric 
acid, the phosphate group bring transferred to adenosine 
diphosphate as indicated in the following scheme : — 


CH 2 0 [Phos] 

cIhoh 

I 

COO [Phos] 

Diphosp/to- 
glyceric acid 


CH 2 0 [Phos] 

CHOH 

COOH 

Phospfiog/yceric 

acid 


NH« 


uo 

ox 


So 

OX 


o o 

1 I « „ 

Ribose — O — P — O — P — OH 
ci>H OH 

Adenosine diphosphate (A D.P.) 


«_ N / o o 

N I II II 

Ribose — O — r — O — -P — O [Phos] 

I I 

OH OH 

Adenosine triphosphate (A.T.P.) 
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(Herbert, Gordon, Subrahmanyan and Green, 1940) and 
forms glyceraldehydc phosphate and dihydroxyacetone phos- 
phate. Dihydroxyacetono phosphate is not further degraded 
as such, but is immediately rearranged by the enzyme isomerase 
to glyceraldehydc phosphate with tbo nett result that two 
molecules of glyceraldehyde phosphate are formed from one 
of fructose diphosphate. The scries of reactions up to this 
point may be represented conveniently as in Fig. 7 in the form 
used by Lipmann (1041). 


Glucose 




Glyceraldehyde 

phosphate 


Di hyd roxyacetone 
phosphate 


Fio. 7. — Anaerobic breakdown of glucose to triosephosphate 
[~Ph energy -rich phosphate bond]- (Lipmann, 1941). 


The oxidation of phosphoglyceraldehydo to 3-phospho- 
glycerio acid with generation of an energy-rich phosphate bond 
has already been described (p. 6G). It can be summarised as 
follows : — 


3-Phosphoglyceroldchyde 

-h 

D.P.N. -f HjPO, 


I : 3-Oiphosphoglycerlc acid 


t 

A.O.P. 


PHOSPHO- 

glyceraldehyde 

DEHYDROGENASE 


J DEPHOSPHORYLASE 


I : 3-Diphosphoglycertc acid 
+ 


d.p.n. (py 


3'Phosphoglyceric acid 


~h 

A.T.P. 


The adenosino triphosphate formed at this stage is available 
for the phosphorylation of a further molecule of hexose. The 
system described obviously provides for a repetitive cycle of 
events by which cndergonic reactions can proceed at the 
expense of linked excrgonic reactions. 
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as a coenzyme many endergomc synthetic reactions become 
possible. The adenosine diphosphate formed in these reactions 
is then reconverted to adenosine triphosphate by exergonic 
reactions involving formation of further energy-rich phosphate 
bonds. Here we have the “ manageable packets of energy,” 
which, earlier in this chapter, we put forward as the mechanism 
adopted by the cell for storage or transfer of energy. The energy 
transferred with one energy-rich phosphate bond amounts 
to about one-fiftieth of that liberated by total oxidation of one 
carbohydrate molecule. 

As we consider in detail the metabolism of cells and the 
interplay of oxidation-reduction and phosphorylation in this 
metabolism, the methods adopted in the living cell for the 
accomplishment of synthetic reactions should become more 
fully evident. 

Anaerobic carbohydrate breakdown 

Preliminary phosphorylation appears to be essential for the 
greater part of anaerobic breakdown of carbohydrate. The 
phosphorylation, if endergonic, may be carried out at the 
expense of energy derived from later stages, adenosine tri- 
phosphate acting as the energy- and phosphate-carrier by 
means of its energy-rich phosphate bonds. Whatever the type 
of carbohydrate, whether polysaccharide, disaccharide or 
monosaccharide, it can be transformed into fructose di- 
phosphate before being degraded. In the case of glucose, 
the first stage has already been discussed, conversion by the 
enzyme hexokinase to glucose-G-phosphate. The enzyme 
phosphohexose isomerase (Meyerhof and Beck, 1944) catalyses 
the next step, rearrangement of glucose-G-phosphate to 
fructose-G-phosphate (see Fig. 7). A second phosphate group, 
also derived from adenosine triphosphate, is then introduced 
by the enzyme phosphohexokinase. The reaction product, 
fructose diphosphate, thus requires for formation from glucose 
two energy-rich phosphate bonds which must be provided in 
the form of adenosine triphosphate derived through linked 
exergonic reactions. 

Fructose diphosphate is split by the enzyme zymohexaso 
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Table 2 

Anaerobic breakdown of glucose 


Reaction 

Enzyme 

Isolation of Enzyme 

Glucose +A.T.P. 

1 

Glucose-6-phosphate -f A.D.P. 

Hexokinase 

Metalloprotein (magnesium). 
Crystallised by Kumtz and 
Macdonald (1946), and by 
Berger, Slein, Colowick and 
Con (I94G) 

Glucose-6 phosphate 

11 

Fructose-6-phosphate 

Phosphohexose 

isomerase 

Partially purified by Meyerhof 
and Beck (1944) 

Fructo8o-0-phosphate + A.T.P. 
11. 

Fructoso-1 : 6-diphosphate+ 
A.D.P. 

Phosphohexo- 

kinase 

Not purified 

Fructose- 1 : C-diphosphato 
% 

Glyceraldehyde-3 -phosphate + 
dihydroxyacetone phosphate 

Zymohexaae 

(Aldolase) 

Metalloprotein (zinc, iron, 
cobalt, or copper). Crystal- 
lised by Warburg and 
Christian (1943) 

Dihydroxyacetone phosphate 

11 

Glyceraldehyde phosphate 

Triosephosphate 

isomerase 

Purified by Meyerhof and 
Beck (1944) 

1 : 3-DiphosphoglyceraIdehyde 
+D.P.N. 

1 : 3 -Diphoaphoglycenc acid 

Phospho- 

glyceraldehyde 

dehydrogenase 

Crystallised by Warburg and 
Christian (1939), and by 
Cori, Slein and Cori (1945) 

1 : 3-Diphosphoglyceric acid 
+ A.D.P. 

3-Phosphoglycenc acid-f A.T.P 

Diphospho- 

glycenc 

dephosphorylaso 

Crystallised by Bucher (1942) 

3-Fhosphoglycoric acid 

11 

2-Phosphoglycoric acid 

Tnosemutose 
( Phosphoglycero - 
mutase) 

Not purified 

2 -Phosphogly cen c acid 

11 

2-Phosphoenolpyruvic acid 

Enolase 

Metalloprotein (magnesium, 
manganese or zinc). Crystal- 
lised by Warburg and 
Christian (1941, 1942) 

2-Phosphoenolpyruvic acid 
+A.D.P. 

-r, . H 

Pyruvic acid + A.T.P. 

Phospho- 

pyruvato 

dephosphorylaso 

Metalloprotein (magnesium, 
and possibly potassium). 
Lardy and Ziegler (1945). 
Crystallised by Kubowitz and 
Ott (1944) 
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3-Phosphoglyceric acid is not an end-product of anaerobic 
metabolism, but is further transformed by the enzyme phospho- 
glyceromutase to 2-phosphoglyceric acid, and this compound 
with the enzyme enolase is dehydrated to phosphoenolpyruvate. 


CH 3 0 — [Phos] 
CHOH 

doOH 


CH.OH 


CHn 


PHOSPHO- 

GLYCERO- CHO— [Phos} ENOLASE CO-lPhosj 

MUTASE | « I + H 2 0 

< COOH COOH 


The intxa-molecular rearrangement of 3-phosphoglycerie acid 
has created in phosphoenolpyruvate an energy 'rich phosphate 
bond. Once more, adenosine diphosphate is a recipient of this 
energy, forming adenosine triphosphate and pyruvic acid under 
the influence of a dephosphoryling enzyme. The adenosine 
triphosphate is then available as a source of energy to force 
other desirable endergonic reactions. 


CH 2 

^O— [Phos] + A.D.P. 

ioOH 


DEPHOSPHORYLASE 


CH, 

O + A.T.P. 
)OOH 


The production of two molecules of pyruvic acid from one 
molecule of hexose has involved utilisation of two energy-rich 
phosphate bonds and formation of four of these bonds, so 
that, overall, two energy-rich phosphate bonds are generated 
by this anaerobic phase of carbohydrate breakdown. It will 
perhaps be helpful at this point to draw up a table of the 
reactions involved {Table 2). The enzymes concerned are also 
listed ; a number of them have been isolated, purified and 
crystallised, and several have been found to be metalloproteins. 

Phosphorylative breakdown of carbohydrates has been 
shown to occur in trypanosomes and malaria parasites, as well 
as in. yeast and bacteria (Chen and Geiling, 1946 ; Speck and 
Evans, 1945a ; Evans, 1946). It is therefore probable that the 
various reactions described in Table 2 are common to the 
majority of unicellular organisms as well as to higher animals, 
but they do not necessarily represent the only available path' 
way for carbohydrate breakdown. Pyruvic acid is, however, 
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oxidase, have also been purified and identified as flavoproteins 
(Ball, 1939). Hydrogen peroxide is highly toxic to most living 
cells, and if produced by the aero-dehydrogenases must be 
destroyed instantaneously. Keilin and Hartree (1945) have 
suggested that oxidation by the aero-deliydrogenases is coupled 
with oxidation of other substrates, such as alcohols, through 
the enzyme catalase, a luematin-protein enzyme which occurs 
in all aerobic cells. The complete reaction for glucose oxidase 
could then be represented as follows : — 


G/ucose 

+ 

O, 


J 

Gluconic acid 
4- 

C s H 5 OH J 

GLUCOSE 

OXIDASE 

H*O s 

CATALASE 1 


CHjCHO 


Degradation of pyruvic acid 

The pyruvic acid molecule is highly reactive and participates 
in a wide variety of biological reactions. Barron (1943) has 
suggested that it should he regarded as the “ hub towards 
which converge carbohydrates, fats and proteins in their 
catabolic and anabolic reactions/’ It can probably be regarded 
also as the dividing point between aerobic oxidative pathways 
involving complete oxidation of foodstuffs to carbon dioxide 
and water, and the more wasteful anaerobic metabolisms 
involving accumulation of such metabolic fragments as lactic 
acid, acetic acid, alcohol, butyric acid and so on. 

At present, the cellular metabolism of pyruvate is in- 
completely understood and the enzyme systems concerned 
have not been studied with the same intensity as the enzymes 
of glycolysis. Diphosphothiamin (co-carboxylase) plays an 
essential part in many of these enzymic reactions, but the 
exact way in which it participates is unknown (c/. Karrer and 
Viscontini, 194C). 
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a key substance for various types of metabolism and from it 
arises, according to the organism and type of respiration, a 
multitude of intermediate metabolites. 

Aerobic Carbohydrate Breakdown 

Phosphorylative degradation, as described in the preceding 
section, is probably common to both aerobic and anaerobic 
cells, but an alternative phosphorylative pathway for glucose 
oxidation in aerobes certainly exists. Unicellular and multi- 
cellular organisms possess, as already mentioned, a pyridine- 
nucleotide enzyme, glucose- 6-phosphate dehydrogenase, which 
oxidises its substrate to phosphogluconic acid. Dickens (1936, 
1938) suggests that phosphogluconic acid then undergoes a 
series of decarboxylations and oxidations with final production 
of pyruvic acid. Little is known about the importance of this 
non-fermentative oxidation, but it should be kept in mind as 
an example of an alternative metabolic pathway which may 
play a greater or lesser part in cellular economy, according to 
environmental conditions. Certain micro-organisms are able 
to oxidise glucose, although unable to ferment it, and some 
of these are even unable to utilise pyruvate anaerobically 
(Barron and Friedemann, 1941). 

Other aerobic micro-organisms aro capable of direct 
oxidation of carbohydrate without preliminary phosphoryla- 
tion, but the relative importance of such non-phospliorylative 
oxidation is unknown. An enzyme glucose oxidase or 
notatin, a flavoprotein, has been isolated from the mould 
Penicillium notatum (Coulthard, Michaelis, Short, Sykes, 
Skrimshire, Standfast, Birkinshaw and Raistrick, 1945). The 
enzymes catalysing subsequent stages in non-phosphorylative 
oxidation are unknown and the nature of the oxidative path- 
way can only be surmised (Tamiya, 1942 ; Muller, 1929). 
Glucose oxidase oxidises glucose to gluconic acid, and is 
capable of transferring hydrogen from metabolite directly to 
molecular oxygen without intervention of the cytochrome 
system ; in which case hydrogen peroxide is produced. This 
is characteristic of a group of enzymes known as aero-dehydro- 
genases ; other members of the group, such as xanthine 
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Acetic acid may arise by a dismutation reaction in which 
one molecule of pyruvate is oxidised, while a second is reduced / 
to lactic acid. The enzyme catalysing this reaction has not 

ch 3 ch 3 ch 3 

2 x CO + H a O — > CHOH + C0 2 4* COOH 

COOH ioOH 

been purified, but diphosphothiamin seems to be involved as 
a coenzyme. 

Pyruvate may also be decarboxylatcd by oxidative re- 
actions which usually produce acetio acid. In bacteria, 
preliminary conjugation of pyruvate with phosphate may 
occur, with acetyl phosphate formed as a labile intermediate 
product. This type of reaction is known as phosphoroclastic 
splitting (review, Lipmann, 1946a). The overall reaction 
varies with conditions and bacterial species, but acetyl phos- 
phate is formed in all cases ; it may be converted to acetic 
acid, or may condense directly with other carbon compounds 
to give 4 or 6 carbon fragments. 

Three known types of phosphoroclastic splitting of pyruvate 
by bacteria are compared in the following equations : — 


* CH,.COO [Phos]-f2H-f COjs 

Oj/ (L. delbrueckh) 

CH 3 .CO.COOH+H 3 PO^=^CH 3 .COO[Ph 0 s]+H 2 -|-CO 2 

\ (CI. acetobutyhcum) 

CH 3 .COO[Phos]+HCOOH (E.co/i) 

„ \ 
CH 3 .COO[Phos]-|-A.D.P. ^ CH 3 .COOH+A.T.P. H„+CO« 


The top equation represents the first steps in the aerobic 
conversion of pyruvic acid to acetic acid and carbon dioxide 
by Lactobacillus delbrueckii . The reaction only' proceeds in 
the presence of oxygen and phosphate ; acetyl phosphate has 
been isolated as a crystalline salt from the reaction medium 
by Lipmann (1944). Hydrogen is removed by some unknown 
hydrogen acceptor. 

The other two equations depict the mechanism of anaerobic 
transformation of pyruvate to acetic acid, carbon dioxide and 
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Diphosphothiamin was identified by Lohmann and Schuster 
(1937) as an essential coenzyme for the enzyme system in 
yeast which catalyses the anaerobic decarboxylation of pyruvic 
acid (carboxylase). Carboxylase was subsequently purified 

CH a ► CH 3 

| CARBOXYLASE I 

CO + CH 


COOH 


+ 

diphosp/iot/i/omfn 


ZHO -f C0 2 


and found to require magnesium as well as co-carboxylase 
(Green, Herbert and Subrahmanyan, 1941). In the absence 
of oxygen, the acetaldehyde formed from pyruvate is reduced 
to alcohol by alcohol dehydrogenase, hydrogen being provided 
by dihydro-diphosphopyridine nucleotide derived, for example, 
from oxidation of diphosphoglyceraldehyde (see p. 66). As 
we have noted, this reaction provides a possible mechanism 
for the re-entry of pyridine nucleotide into the anaerobic cycle 
at the phosphoglyceraldehyde stage. For each molecule of 
phosphoglyceraldehyde oxidised to phosphoglyccric acid, one 
molecule of acetaldehyde may be reduced to alcohol. 


Acetaldehyde 
D.P.N (H t ) 


ALCOHOL 

DEHYDROGENASE 


Alcohol 

+ 

D.PN. 


Diphosphoglyceraldehyde 


PHOSPHO- 

GLYCERALDEHYDE 

DEHYDROGENASE 


Diphosphoglyceric acid 
+ 

D.P.N.(H,) 


Many types of cells do not produce alcohol as the main end- 
product of fermentation, but a number of other fermentation 
products can also be accounted for by the varied reactions of 
pyruvate metabolism. Lactic acid is produced from pyruvic 
acid by a reduction again involving dihydrodiphosphopyridine 
nucleotide, so providing another route by which the pyridine 
nucleotide can be regenerated. The enzyme (lactic dehydro- 
genase) from animal cells has been crystallised (Straub, 1940). 
CH 3 > CH 3 

CO + D.P.N.(H S ) DEHYDROGENASE < y HOH + D.P.N. 
iooH • * COOH 
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Acetic acid may arise by a dismutation reaction in which 
one molecule of pyruvate is oxidised, while a second is reduced / 
to lactic acid. The enzyme catalysing this reaction has not 

ch 3 ch 3 ch 3 

2 x to 4 H a O ► CHOH + C0 2 4 COOH 

COOH COOH 

been purified, but diphosplio thiamin seems to bo involved as 
a coenzymo. 

Pyruvate may also bo dccarboxylated by oxidative re- 
actions which usually produco acetic acid. In bacteria, 
preliminary conjugation of pyruvate with phosphate may 
occur, with acetyl phosphate formed as a labile intermediate 
product. Tliis type of reaction is known as phospliorocla&tic 
splitting (review, Lipmann, 1946a). The overall reaction 
varies with conditions and bacterial species, but acetyl phos- 
phate is formed in all cases ; it may be converted to acetic 
acid, or may condense directly with other carbon compounds 
to give 4 or 6 carbon fragments. 

Three known types of phosphoroclastic splitting of pyruvate 
by bacteria are compared in the following equations : — 


* CH 3 . COO [Phos] +2H +C0 2 

O*/ (L c/e/bruecfc/i) 

CHj.CO.COOH4H 8 PO # ^===*CH 8 .COO[Phos]4H s 4CO s 

(C/. ocetobuty/kum) 


^ CH 3 . COO [Phos] 4 tf COOH (E.coli) 
CH 3 .COO[Phos]+A.D.P. 5iCH 3 .COOH+A.T.P. H,+C0 2 


The top equation represents the first steps in the aerobic 
conversion of pyruvic acid to acetic acid and carbon dioxide 
by Lactobacillus delbruecldi . The reaction only proceeds in 
the presence of oxygen and phosphate ; acetyl phosphate has 
been isolated as a crystalline salt from the reaction medium 
by Lipmann (1944). Hydrogen is removed by some unknown 
hydrogen acceptor. 

The other two equations depict the mechanism of anaerobic 
transformation of pyruvate to acetic acid, carbon dioxide and 
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hydrogen. Escherichia coli forms formic acid as an inter- 
mediate product and decomposes it by the enzyme formic 
hydrogenlyase ; Clostridium acetobutylicum forms carbon di- 
oxide and hydrogen directly. Diphosphothiamin and mag- 
nesium or manganese have been shown to be essential factors 
for the reaction in E. coli. Here again, labile acetyl phosphate 
has been demonstrated to be a preliminary product in both 
cases (Koepscll and Johnson, 1942 ; Kalnitsky and Werkman, 
1943 ; Utter and Werkman, 1944). 

Acetyl phosphate contains an energy-rich phosphate bond, 
which can be transferred to adenosine diphosphate, allowing 
the energy released by decarboxylation to 'be utilised for 
cndergonic reactions. The process may be reversed, and 
pyruvate may be formed from acetate and carbon dioxide ; 
in this case energy is supplied by adenosine triphosphate. 
The occurrence of such a process has been directly proved in 
cell-free extracts of E. coli, which do not contain formic 
hydrogenlyase. These extracts form pyruvate either from 
formate and acetyl phosphate or from formate, acetate and 
adenosine triphosphate (Lipmann and Tuttle, 1945 ; Utter, 
Lipmann and Werkman, 1945). In all decarboxylation 
reactions, equilibrium is in favour of carbon dioxide formation, 
so that rapid removal of pyruvic acid must be effected to 
induce the reverse reaction. 

Direct oxidative decarboxylation of pyruvate without 
intermediate phosphorylation occurs in micro-organisms and in 
animal tissue (Stumpf, 1945). This reaction is strongly inhibited 
by fluoroacetate, which acts as a specific inhibitor of acetate oxi- 
dation and probably prevents pyruvate breakdown by causing 
an accumulation of acetic acid (Bartlett and Barron, 1947 ; 
Kalnitsky and Barron, 1947) Fluoroacetate had no effect on 
acetyl phosphate formation by £7 coli, and only partially inhibited 
pyruvate oxidation by E. coli, gonococci and Corynebacterium 
creatinovorans. In these organisms, at any rate, pyruvate 
evidently need not necessarily be metabolised directly to acetate. 

The exact course of pyruvic acid decarboxylation in 
animal cells is less clear than in micro-organisms. The use 
of fluoroacetate suggested that a large proportion of pyruvate 
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oxidation goes through acetate (Bartlett and Barron, 1947). 
The formation of acetyl phosphate has not yet been demon- 
strated ; because of the universal occurrence of an enzyme 
which splits acetylphosphatc with great rapidity, its participa- 
tion in pyruvate metabolism cannot be easily proved (Lipmann, 
1916a). It is, however, reasonable to assume that pyruvate 
breaks down in animal colls to a two-carbon compound which 
might be acetate or the acetyl radical (see review, Bloch, 1947). 

Condensation of pyruvic acid ; tricarboxylic acid cycle and 
cellular synthesis 

The reactions of pyruvate already discussed are part of the 
energy-yielding mechanisms of cellular metabolism, and the 
energy made available by these reactions can be utilised for 
the synthesis of new protoplasm. .Pyruvate is not only a key 
substance in cxergonio reactions, but also performs an essential 
part as a building block for tho formation of carbohydrates, 
fats and proteins. The reactions involved are by no means 
fully understood, and tho majority of tho enzymes catalysing 
amino acid and fat synthesis have yet to be isolated ; the best 
that we can do is to sketch an indistinct outline of tho pattern 
of cell synthesis. 

Micro-organisms will not grow if completely deprived of 
carbon dioxide by a rapid stream of carbon dioxide-free air. 
This failure to grow is probably associated with the failure of 
the synthetic process of carbon dioxide fixation. The existence 
of such a process in non-photosynthetic organisms was indicated 
when Wood and Werkman (1938) showed that during fermenta- 
tion of glycerol by propionic acid bacteria, a stoichiometric 
relationship existed between carbon dioxide utilisation and 
succinic acid formation. Pyruvic acid was known to be an 
intermediate product in this fermentation, and the suggestion 
was put forward that pyruvate combined with carbon dioxide 
to form oxaloacetic acid, which was then reduced to succinic 
acid. More recently an enzyme, oxaloacetic carboxylase, was 

CH 3 .CO.CO0H+CO 2 , COOH.CHa.CO.COOH 

I * 

cooh.ot s .ch 2 .cooh 
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found in bacterial and liver extracts ; it catalyses reversibly 
the decarboxylation of oxaloacetic acid (Krampitz, Wood and 
Werkman, 1943 ; Krampitz and Werkman, 1941). Thus, 
carbon dioxide fixation was established as a definite reversible 
enzymic process (Ochoa, 1946). A similar type of reaction 
has been identified in the carboxylation of a-ketoglutaric acid 
to oxalosuccinic acid by oxalosuccinic carboxylase (Ochoa, 
1945). 

The enzyme systems involved in these fixation reactions 
have not yet been purified, but they are known to requiro 
magnesium or manganese ; there is some evidence that, in 
certain micro-organisms, biotin may be involved (Lanfy, 
Potter and Elvehjem, 1947 ; Shive and Rogers, 1947). Adeno- 
sine triphosphate haB also been shown to be required for full 
activity of an oxaloacetate decarboxylase from liver (Utter 
and Wood, 1946). The fixation of carbon dioxide in oxalo- 
acetate is an endergonic reaction ; adenosine triphosphate may 
well supply the requisite energy. Phosphorylation probably 
is also associated with carbon dioxide fixation when pyruvate 
is formed from acetic acid via acetyl phosphate, the reverse 
of “ pliosphoroclastic ” splitting of pyruvate referred to on 
p. 75 (Lipmann and Tuttle, 1945). Like carboxylation of 
acetate, these carboxylation reactions have their equilibria 
in favour of carbon dioxide formation, and the keto acids 
formed must therefore be removed rapidly through the action 
of pyridine nucleotide dehydrogenases. The keto acids, and 
their dehydrogenases, play an important part in the oxidative 
system, known as the tricarboxylic acid (or Krebs) cycle. 

We have still to account for a method of oxidation of 
acetic acid, the product of decarboxylation of pyruvate ; this 
is believed to occur by means of the tricarboxylic acid cycle 
(Krebs, 1943 , Wood, 1946). Oxaloacetate condenses with 
either acetic acid or the acetyl radical derived from 
decarboxylation of pyruvate (we do not yet know whether 
acetyl phosphate plays a role in this reaction). A series 
of successive enzymic reactions, involving an oxidative 
fctep, gives rise to a-ketoglutaric acid and carbon dioxide 
(Fig. 8). 
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a-Ketoglutaric acid may on further oxidation and de- 
carboxylation through succinic, fumaric and malic acids 


oxaloacetic acid 



COOH-CH^-CH^COOH COOH-C-CH^COOH 

CH-COOH 

fumaric acid iso-citnc acid 


COOH-CH=CH-COOH COOH-CH-CHjCOOH 

CH(&f^-COOH 

K> 

succinic acid oxalosuccimc acid 



CH^CHf-COOH 

COCOOH 


Fio. 8.—-' The tricarboxylic acid cycle. 

regenerate oxaloacetic acid, which can then partake in another 
cycle. Thus we find that for each complete cycle, one molecule 
of acetate {derived from one of pyruvate with loss of carbon 
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dioxide) is completely oxidised to two molecules of carbon 
dioxide. 

Although there is still considerable doubt as to the detailed 
pathways involved, there is little doubt that some such cycle 
exists in most cells. Evidence for the cycle originally depended 
largely on the following facts observed with minced muscle 
(Krebs, 1943). The conclusions reached can probably be 
extended also to micro-organisms (Speck, Moulder and Evans, 
1946). 

(1) All the component acids of the cycle are rapidly 
metabolised when added to cells under aerobic conditions. 

(2) Small amounts of these acids catalyse the oxidation of 
pyruvate. 

(3) Pyruvate oxidation is inhibited by malonate, which 
is a specific inhibitor for succinic dehydrogenase. In the 
presence of malonate, succinic acid accumulates when 
either pyruvate, or fumarate or malate is added. In malaria 
parasites, acetate is also found to accumulate under these 
conditions. 

Enzymes are known which catalyse all the reactions of the 
cycle, but few of them have been obtained pure, and some of 
their coenzymes are still unknown (Lardy and Elvehjem, 
1945). Much remains to be done before final proof of the cycle 
is obtained. Evidence is accumulating that here too phos- 
phorylation is involved, while pyruvate oxidation in the 
malaria parasite needs diphospliothiamin, both pyridine 
nucleotides, adenosine triphosphate and manganous ions 
(Speck, Moulder and Evans, 1946). Evidence for the participa- 
tion of acetate in the cycle has been provided by the action 
of fluoroacetate in inhibiting conversion of acetate to citrate 
(formed enzymically from iso-citrate). In tissue slices, none 
of the oxidative steps in the cycle (i.e. oxidation of iso-citric, 
o-kctoglutaric, succinic or malic acids) were affected by 
fluoroacetate (Bartlett and Barron, 1947). 

The keto acids taking part in the tricarboxylic acid cycle are 
acted on by specific pyridine nucleotide dehydrogenases and 
so can be oxidised through the cytochrome system. Succinic 
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acid is oxidised to malic acid by succinic dehydrogenase, an 
enzyme which has not yet been purified and does not fit 
into any known group of enzymes. It acts through the cyto- 
chrome system, but cannot transfer hydrogen to cytochrome 
through any known pyridine nucleotides or fiavoproteins ; 
the intermediary factor is an unknown soluble heat-labile 
substance "(Stoppani, 1947). 

The tricarboxylic acid cycle may seem to be over- 
complicated for the oxidation of a small molecule such as 
acetic acid. However, the cycle establishes a link between 
carbohydrate and amino acid metabolism which illustrates 
well the close integration between degradation and synthesis 
in the overall metabolic processes of the cell. Every step 
is essentially reversible, and this reversed cycle provides 
a means for the reductive fixation of carbon dioxide with 
ultimate production of pyruvate from which a variety of 
metabolites may be synthesised (Fig. 9). 

Transamination 

We have already mentioned the aero-dehydrogenase group 
of enzymes which can transfer hydrogen directly from meta- 
bolite to oxygen. The flavoprotein, d-amino acid oxidase, is 
another member of this group ; it catalyses the oxidative 
deamination of d-amino acids to a-keto acids, with formation 
of hydrogen peroxide and ammonia (Warburg and Christian, 
1938). 

R— CH— COOH D-AMINO ACID R— C— COOH + H 2 0 2 + NH 3 

NH„ OXIDASE (!) 

Fiavoproteins are known which specifically deaminate 
certain natural l - amino acids in the same way (Blanchard, 
Green, Nocito and Ratner, 1945). Three of the keto acids 
whose formation we have traced in carbohydrate metabolism 
can be formed by this type of reaction. Alanine yields pyruvic 
acid, aspartic acid yields oxaloacetic acid, while glutamic 
acid yields a*ketoglutaric acid. Six other commonly occurring 

F 
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amino acids are known to yield one 'or other of these a-keto 
acids indirectly on oxidation. 
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The reverse process, animation of a-keto acids, docs not 
appear to occur directly, but has been found to take place by 
a transamination reaction. Enzymes known as transaminases 
catalyse the transfer of an amino group between certain 
a-keto acids and amino acids (Herbst, 1944). 

R R 1 R R 1 

il-I.NH, + (to TRANSAMINASE (to + (Ih.NH, 
iooH (iooH "* iooH (!ooh 


The most completely understood of known transaminations 
are those involving glutamic acid and oxaloacetic or pyruvic 
acids. There is no reason to believe that transfer mechanisms 


Glutamic acid ) 

+ f 

Oxaloacetic acid ) 

Glutamic acid\ 

+ f 

Pyruvic acid ) 


{ Keloglutaric acid 
+ 

Aspartic acid 

{ Ketoglutaric acid 
Alanine 


will not be found involving other simple amino acids. Trans- 
aminases have been purified to some extent, and are known 
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to require pyridoxal (vitamin B 6 ) or its phosphate for activity 
(Lichstein, Gunsalus and Umbreit, 1945 ; Umbreit, O’Kane 
and Gunsalus, 1946 ; Schlenk and Fischer, 1947 ; O’Kane 
and Gunsalus, 1947). The aldehyde radical in pyridoxal is 
known to be easily and reversibly exchanged for an amino 
group ; pyridoxal may therefore act as a coenzyme for 
transamination by transporting amino groups. 


CHO 

CH 2 NH 2 

Ho/NcHjOH 

HO,| / \cH a OH 

ch! J 

chI J 

n N' 


Pyridoxal 

Pyridoxamine 


CHO 

ho i <^ch..o.po 3 h 2 
Pyric/oxcr/'phosphate 



There has been disagreement as to the position of the 
phosphate residue in pyridoxal phosphate. Pyridoxal -acetal- 
phosphate, in which the phosphate is attached to the phenolic 
hydroxyl at position 3, was found to have limited coenzyme 
activity in amino acid decarboxylation (p. 135) and no activity 
as a co-transaminase (Karrer and Viscontini, 1947 a, b and c). 
The alternative position of the phosphate on the alcoholic 
hydroxyl group at position 5 is more probable, since a compound 
of this structure had high co-decarboxylase activity and was 
also active as a co-transaminase (Gunsalus and Umbreit, 1947). 


POLYSACCHARIDE 

11 

hexosephosphate 

11 

acetate ^ PYRUVATE ^ alanine 

11 11 

aceto- oxaloacetate ^ aspartate \ ==* PROTEIN 
acetate % 

ketoglutarate ^ glutamate J 
■Relation between carbohydrate, amino acid and fat metabohsm. 


The connection between amino acid and carbohydrate 
metabolism now becomes obvious (Kritzman, 1947 ; review, 
Stotz, 1945). Once again pyruvate occupies a key position, 
and the reason for its participation in the tricarboxylic acid 
cycle becomes more evident. We can trace a mechanism 
for formation of simple amino acids from the products of 
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carbohydrate breakdown or carbon dioxide fixation. This 
mechanism may bo represented diagrammatically as in Fig. 9. 

Fat metabolism 

Relatively little is known of the nature of fats synthesised 
by micro-organisms, or of the degradative pathways followed 
in their utilisation, but the general trend of comparative 
biochemistry is to find close similarities between metabolic 
pathways in higher forms of life and in micro-organisms. 
Fatty acids are believed to be metabolised in animal colls by 
oxidation at alternate carbon atoms, starting with the / 3 -carbon, 
with formation of 2 or 4 carbon fragments ; the possibility of 
some to-oxidation cannot be excluded. The two carbon 
fragments can be acetate or acetyl phosphate ; the four 
carbon fragments appear as acetoacetate, which can also be 


R.CH a .CH 2 .CH 2 .CH 2 .CH 2 .CH 2 .CH 2 .COOH 

tvi* 22 - 


jS-o xidation 


R.(CH 2 ) 3 .CH 2 .CH 2 co.ch 2 .cooh 

1 ' 

R.(CH 3 ) 3 .CH 3 .CH 2 .COOH+CH 3 .COOf- 


R (CH^.CO.CHj.COOH 

I r 


R (CH-VCOOH+CfVCOOH 
R.CH a CO ,CH,.CO .CH, CO.CH..COOH 


.1 ! 2 V-W • '— rl 2 • 

I i 

r.ch 2 cooh+ch 3 .cooh + CH 3 .CO.CH 2 .COOH 


2[CH 3 .COOH] ^ ch 3 .co.ch 2 .cooh+h 2 o 

Two carbon fragment condensation 

formed by condensation of a pair of two carbon fragments. 
/J-Oxidation may proceed either by a series of discrete steps, 
or by multiple alternate-carbon oxidation in which numerous 
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two or four carbon fragments are produced simultaneously 
(Buchanan, Sakami and Gurin, 1947 ; Breuscli and Ulusoy, 
1947 ; see also review by Stadic, 1945). 

The use of labelled carbon has shown that fatty acid 
metabolism is a reversible process in which acetate, adenosine 
triphosphate and the tricarboxylic acid cycle all play important 
parts (review, Wood, 1946). The participation of adenosine 
triphosphate suggests that phosphorylation may occur 
(Lehninger, 1945). Fatty acid metabolism in the presence 
of malonate leads to accumulation of acetoacetate and iso- 
citrate ; as malonate inliibits one step in the tricarboxylic 
acid cycle, this is further evidence for participation by the 
cycle in fat oxidation (Breusch, 1943 ; Lelminger, 1946 a and 
b ; Floyd, Modes and Weinhouse, 1947). 

In bacteria the early results of Stephenson and Whetham 
(1922) indicated that the amount of lipoid synthesised by the 
Timothy grass bacillus was influenced by the composition of the 
medium and was greatly increased in the presence of acetate. 
The conversion during bacterial fermentation of “ labelled ” 
acetate containing isotopic carbon to butyric and caproic 
acids has been demonstrated (Wood, Brown and Werkman, 
1945 ; Barker, Kamen and Bornstein, 1945). The enzymes 
of all these conversions have yet to bo purified, but there seems 
good reason to believe that in micro-organisms the tricarboxylic 
acid cycle provides a mechanism, not only for the oxidation 
of acetate, but also for the integration of carbohydrate, fat 
and amino acid metabolism. 

Carbohydrate, synthesis 

Carbohydrate breakdown by the living cell is a metabolic 
process which is to some extent understood. Much remains 
to bo elucidated, particularly with regard to aerobic respiration, 
but the sequence of enzyme-catalysed reactions from the 
phosphorylation of hexose to the production of pyruvic acid 
lias been fully .verified and oven largely reconstructed with 
pure enzymes under artificial conditions. Such experiments, 
however, only show that postulated reactions are possible ; 
they cannot show their relative importance or reproduce the 
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directive influences under which they operate in the living 
cell. All the steps in the anaerobic breakdown of carbo- 
hydrate to pyruvate are reversible, so that the same enzyme 
systems may either degrade or synthesise a particular substrate 
according to local cellular conditions (Lardy and Ziegler, 1945). 

The aim of synthetic processes is either to form essential 
cell structures and enzymes, or to store surplus metabolites 
for future use. The water-solubility of glucose and the high 
osmotic pressure of its solutions makes it unsuitable as a 
form of carbohydrate store ; therefore, reversal of the phos- 
phorylative breakdown of glucose or any of its intermediates 
often leads to formation of polysaccharides. During the 
synthetic process, glucose-6-phosphate is converted by a 
metalloprotein enzyme, phosphoglucomutase, to glucose-1- 
phosphate which under the influence of a phosphorylase 
polymerises to a polysaccharide, the nature of which depends 
upon the particular phosphorylase and on the nature of the 
polysaccharide already present in tho cell. A crystalline 
phosphorylase has been isolated from muscle by Green and 
Cori (1943), and its action has been shown to be the exchange 
of the phosphate radical of glucose- 1 -phosphate for the 
terminal glucose unit of the polysaccharide already present. 
The scheme for carbohydrate synthesis from pyruvate may 
be represented as follows : — 

Pyruvate ► g/ucose-6-phosphate 

* J | phosphoglucomutase 

polysaccharide - *■ g/ucose-1 -phosphate 

+ phosphorylase 

H,PO» 

+ terminal glucose 
unit of polysaccharide 

The synthesis of sucrose by Pseudomonas saccharophila has 
been shown to occur through the action of the enzyme sucrose 
phosphorylase (Hassid, Doudoroff and Barker, 1947 
Doudoroff, Barker and Hassid, 1947 ; Doudoroff, Hassid 
and Barker, 1947)- The primary reaction consists of a 
combination of glucose phosphate with the enzyme, followed 
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by liberation of phosphate, after which glucose combines with 
fructose : — 

Gfucose- 1 -phosphate *■ 

4- ± phosphate Enzyme-glucose 

Enzyme I \ 

1 ± Fructose 


G/ucosc-1-fructosWe (sucrose) 

+ 

Enzyme 

The overall reaction is in effect a transfer of glucose, and since 
it is reversible, the acceptor may be either a phosphate or a 
fructose radical. The transfer reaction may, in fact, proceed 
in the absence of a phosphorylated intermediate with an 
extraordinary variety of acceptors other than phosphate. 
Por example, many ketose sugars and even certain aldoses 
will accept glucose, with the result that interconversion of 
disaccharides may be effected, as may be illustrated by the 
production of sucrose from glucosidoketoxyloside. 


g/ucose-l -ketoxy/osWe 

+ 

fructose 


g/ucose-l-fructosMe (sucrose) 
fcetoxyfose 


The synthesis or degradation of dextran (a glucosan) is 
accomplished by an enzyme from Lenconostoc mesenteroides 
without addition of phosphate, and no phosphorylated inter- 
mediates can be isolated (Cori et al., 1945). The reaction 
probably involves exchange of one glucosidic linkage for 
another. The dextran produced in vitro by the isolated 


Sucrose ' 
+ 

Dextran 


( Dextron-g/ucoside 

1 + 

( Fructose 


enzyme was identical immunologically with that found in 
the living organism (Hchre, 1943). There is evidence that 
levans are produced by a similar mechanism. 


Protein synthesis 

Our knowledge of carbohydrate synthesis is based on the 
reversibility of the enzyme systems taking part in carbohydrate 
breakdown. Unfortunately, the same cannot be said about 
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protein synthesis, about 'which we know practically nothing. 
Proteins possess a high degree of specificity, each species 
building its own characteristic pattern ; even in the same cell, 
the number of different proteins must be large to account for 
the multifarious enzymes present. Enzymes are in addition 
species specific, as is Bliown by the immunological properties 
of catalase and trypsins from different species (Campbell and 
Fourt, 1939 ; Northrop, 1939). Different coenzymes are often 
required by the same enzyme isolated from different organisms ; 
thus, enzymes concerned with pyruvic acid utilisation appear 
to require either magnesium or manganese as one of their 
co-factors when isolated from bacteria, but use manganese 
if they are of animal origin. There is some evidence that the 
pyridine nucleotide required by malic and glutamic dehydro- 
genases varies with the source of enzyme (Schlenk, 1945), but 
this cannot be confirmed until the enzymes in question are 
purified. The pH for maximum activity of enzymes also varies 
with the source. 

This high degree of specificity among individual proteins 
points to a similar specificity in the enzyme systems responsible 
for their synthesis. At present, due to lack of knowledge and 
to the complexity of the problem, our investigations on 
specificity are limited to the action of the numerous proteolytic 
enzymes which degrade proteins and polypeptides. These 
enzymes, which all hydrolyse the peptide bond, may be 
divided into two main groups, according to their site of attack 
(Bergmann, 1942). One group acts only on terminal peptide 
bonds and can be classed as “ exopeptidases,” while the second 
group, the “ endopeptidases,” are capable of attacking 
centrally-located peptide bonds and, to a lesser extent, the 
terminal bonds as well. The older terminology, still in use, 
refers to these groups as peptidases and proteinases respectively. 
Within these groups, there are considerable differences in 
specificity between individual enzymes ; the hydrolysis of a 
given peptide link by a given enzyme appears to be determined 
largely by the nature of adjacent and nearby •amino acids 
and of the end groups. For example, exopeptidases are 
subdivided into aminopeptidases and carboxypeptidases, the 
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peptide group which is split being adjacent to either a free 
amino group or a free carboxy group respectively. 

R ‘ R 1 

nh,-J:h-co-nh CO-NH-ilH-COOH 

1 t 

amino peptidase carboxy peptidase 

As well as showing this- broad specificity, the individual 
peptidases also require certain groups in the side chain 
attached to the carbon atom adjacent to the peptide bond. 
For cxamplo, certain amino peptidases will only split a bond 
in which R is represented by 


CH, 

CH. 


'^CH-CH.— 


i.e. the terminal amino acid is leucine, while some carboxy 
peptidases are known for which R must be 



that is tyrosine or phenylalanine are the terminal amino acids 
split. In the same way, the endopeptidases require certain 
aide groups adjacent to the peptide link, and the specific 
amino acid thus involved is attacked either through its 
carboxy or its amino group. This is well illustrated by the 
action on the same synthetic substrate (carbobenzoxy-J- 
glutamyH-tyrosyl-glycineamide) of pepsin and chymotrypsin, 
both of which attack a peptide link adjacent to an aromatic 
amino acid (Bergmann and Fruton, 1941). 


COOH 

il-lj QH.OH 

c!h 2 

c «H,CHj— O— CO— NH— CH— CO— NH— CH--CO— NH — CH.,— CONH. 


attacked by pepsin 


attacked by chymotrypsin 
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A considerable degree of optical specificity is shown by some 
proteases and peptidases, so that peptides containing d-amino 
acids in certain positions are not hydrolysed (Bergmann 
and Fruton, 1941 Stahmann, Fmton and Bergmann, 1946). 
On the other hand, peptidases are known which hydrolyse 
peptides containing d- as well as 1-amino acids. Usually the 
l- form is hydrolysed faster than the d- form, but some 
bacterial peptidase preparations split the tw r o forms at 
approximately equal rates (Berger, Johnson and Baumann, 
1941). There is evidence that hydrolysis of d-amino acid 
peptides may be due to an enzyme different from that hydro- 
lysing the natural isomers (Maschmann, 1942, 1943); proof 
must await actual separation of both enzymes. An alternative 
suggestion has been made that the same enzyme is involved, 
but that optical specificity is changed by the presence of certain 
metals or reducing agents (Bayerle and Barger, 1942 ; Bayerle 
and Reiffert, 1942). 

The part played by proteolytic enzymes in protein synthesis 
is largely conjectural. We are not yet able to assess to what 
extent, if any, the reversal of proteolytic hydrolysis is 
responsible for the synthesis of peptide bonds. As Bergmann 
and Fruton (1944) point out, “ perhaps the strongest reason 
for believing that the enzyme-catalysed condensation of amino 
acids represents the most probable metabolic course of protein 
synthesis is the -fact that the proteolytic enzymes, by virtue 
of their sharp specificity, are the only known biocatalysts 
which could direct, precisely and reproducibly, the complex 
sequence of successive peptide syntheses required for the 
formation of a protein.” 

The enzymic hydrolysis of a peptide bond is, like other 
enzymic processes, an equilibrium process, but equilibrium is 
overwhelmingly in favour of hydrolysis. Therefore, the 
synthesis of a peptide can only occur when the product of 
reaction is rapidly removed, as is possible in the cell where 
coupled reaction sequences occur. The in-vitro enzymic syn- 
thesis of peptides has been achieved by Behrens and Bergmann 
(1939), using derivatives of amino acids which gave insoluble 
peptides. For example, the action of papain on a mixture of 
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benzoyl-leucine and leucine-anilide formed bonzoyl-Ieucyl- 
loucine-anilide, which is so insolublo in water that a saturated 
solution is always at a lower concentration than the equilibrium 
concentration. As a result, the dipeptide was continually 
removed from solution by crystallisation and tho reaction 
proceeded in the direction of synthesis. Other examples of 
similar syntheses achieved by Bergmann are as follows : — 

Bcnzoy/-f>heny/oJanine -f leucine- P APA1N benzoyl-phenylalanyl-leucme- 

amlide f onllide 

Carbobenzoxy-phenylalanyl-glycine P APAI N corbobenzoxy-pbenylalanyl-glycyl- 

+ tyrosine-amide *■ tyrosine-amide 

Benzoyl-tyrosine + leucine-anilide CHYM ° TRYf,SIN B^l-tyrosyl-ieocne. 

Benzoyl-tyrosine + jlycIneHtnlW. CHYHOTRYPSIN ^nzoyl-tyrosy^lyc/ne- 

The synthesis of a peptide bond requires tho provision of a 
considerable amount of energy (about 3 kg. cals/mol.). From 
our knowledge of such reactions, wc may postulate that this 
energy may be provided by coupled reactions. A synthesis 
of a polypeptide coupled with hydrolysis of another peptide 
has been demonstrated in vitro by Bergmann through the 
action of the enzyme papain on the peptides acetyl-dJ-phenyl- 
alanyl-glycine and glycyl-Meucine. Although neither of the 
peptides is hydrolysed by the enzyme, an equilibrium is 
soon set up in solution, with formation of a very small amount 
of acetyl-dZ-phenylalanyl-glycyl-glycyl-leucine. This tetrapep- 
tide is at once hydrolysed in two successive steps in which first 
leucine, and then glycine, is split. The equilibrium is thus upset 
and further tetrapeptide is synthesised and in turn hydrolysed 
until all the glycyl-leucine is used up by the synthetic reaction. 

Acetyl-phenyla/onyl-glyclne + glycyl-leucine 

Acetyl-phenylalanyl-glycyl-glycyl-leucine 

Acctyl-Jifienyfafanyfj glycyl-glycme + leucine 

Acetyl-f)heny/a/ony;-glycine+g/ycine + leucine 
The nett result is hydrolysis of glycyl-leucine without change 
of the acetyl peptide. The existence of such a type of reaction 
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A considerable degree of optical specificity is shown by some 
proteases and peptidases, so that peptides containing d-amino 
acids in certain positions arq not hydrolysed (Bergmann 
and Fruton, 1941 ; Stahmann, Fruton and Bergmann, 1946). 
On the other hand, peptidases are known which hydrolyse 
peptides containing d- as well as Z-amino acids. Usually the 
l' form is hydrolysed faster than the d- form, but some 
bacterial peptidase preparations split the two forms at 
approximately equal rates (Berger, Johnson and Baumann, 
1941). There is evidence that hydrolysis of d-amino acid 
peptides may be due to an enzyme different from that hydro- 
lysing the natural isomers (Maschmann, 1942, 1943) ; proof 
must await actual separation of both enzymes. An alternative 
suggestion has been made that the same enzyme is involved, 
but that optical specificity is changed by the presence of certain 
metals or reducing agents (Bayerle and Borger, 1942 ; Bayerle 
and Reiffert, 1942). 

The part played by proteolytic enzymes in protein synthesis 
is largely conjectural. We are not yet able to assess to what 
extent, if any, the reversal of proteolytic hydrolysis is 
responsible for the synthesis of peptide bonds. As Bergmann 
and Fruton (1944) point out, “ perhaps the strongest reason 
for believing that the enzyme-catalysed condensation of amino 
acids represents the most probable metabolic course of protein 
synthesis is the' fact that the proteolytic enzymes, by virtue 
of their sharp specificity, are the only known biocatalysts 
which could direct, precisely and reproducibly, the complex 
sequence of successive peptide syntheses required for the 
formation of a protein.” 

The enzymic hydrolysis of a peptide bond is, like other 
enzymic processes, an equilibrium process, but equilibrium is 
overwhelmingly in favour of hydrolysis. Therefore, the 
synthesis of a peptide can only occur when the product of 
reaction is rapidly removed, as is possible in the cell where 
coupled reaction sequences occur. The in-vitro enzymic syn- 
thesis of peptides has been achieved by Behrens and Bergmann 
(1939), using derivatives of amino acids which gave insoluble 
peptides. For example, the action of papain on a mixture of 
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Conclusion 

It should bo evident from this brief outline that the whole 
process of cellular metabolism is a closely woven, interlocking 
and interdependent series of enzymic reactions. Disturbance 
of any one enzymic reaction by introduction of a poison or drug 
will extend far boyond that single reaction ; if the cell survives, 
there will occur an overall adjustment in enzymic balance 
which may become evident either in some fermentative change, 
in altered demand for foodstuff, in a changed rate of growth- or 
in altered response to further contact with drugs. 

Since whole groups of enzymes possess certain common 
characters, such as a common prosthetic group or coenzyme, 
it is probable that a drug will affect not a single enzyme but 
a whole group of related enzymes, some more, others less, 
essential to life. The problem of reducing drug action to' 
interference with any single enzyme is therefore immense, and 
the study of intermediary metabolism is likely for the present 
to do more towards suggesting new types of drugs than 
towards solving the problem of the mode of action of known 
drugs. 
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suggests that in the cell, peptide synthesis and breakdown 
may be interconnected processes, influenced by the presence 
of other peptides or proteins. 

Speculation enables us to envisage many other coupled 
reactions which may provide energy for peptide synthesis. 
Energy transfer might occur through phosphorylation, as in 
carbohydrate metabolism ; the carboxyl or amino group of 
amino acids, if phosphorylated, would be energy-rich, and 
could thus couple with another amino acid with liberation of 
free phosphate. Energy may also be transferred from oxido- 
rcduction systems in other ways as yet unknown. The possible 
relation of peptide synthesis to energy supplied through the 
phosphate bond is suggested by the discovery of two enzymes 
which catalyse formation of the — CONH— bond, both of 
which require adenosine triphosphate and magnesium. One 
enzyme from rat liver and kidney synthesises a peptide bond 
between p-aminobenzoic acid and glycine (Cohen and 
McGilvery, 1947) ; the other, found in sheep brain and 
Slaph. aureus, catalyses the formation of glutamine from 
glutamic acid (Elliott, 1948 ; Elliott and Gale, 1948). 

An alternative method of peptide synthesis has been 
suggested, namely coupling of a keto acid, e.g. pyruvic acid, 
with one or two molecules of an amino acid amide with inter- 
mediate formation of dehydroamino acid peptides or di(acyl- 
amino)-propionic acid peptides (Bergmann and Fruton, 1944 ; 
Gongalves and Greenstein, 1948). 

The synthetic route for formation of the nucleic acid 
moiety of nucleoproteins is also largely unknown. There is 
evidence that the first step, nucleoside formation, involves a 
phosphate exchange as in polysaccharide synthesis, since the 
synthesis is known to occur by the action of a nucleosidase 
enzyme on ribose- 1 -phosphate and purine (Cori, Hassid, 
Houdoroff and Kalckar, 1945; Kalckar, 1945, 1946, 1947). 
In view of this phosphorylative step, Kalckar suggested that 
the enzyme be known as a nucleosidaso phosphorylase. 

Rjbose-1 -phosphate NUCLEOSIDASE K'h°«-l-hypoxanth/ne 

H/pitw™ PHOSPHORYLASE h.po. 
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of synthesis by the cell was so slow as to be insignificant ; 
(2) as a growth stimulant, when its rate of synthesis was 
somewhat faster but still slow enough to be a limiting factor ; 
or (3) as a substance not required at all for nutrition because 
the cell could synthesise it so fast that it was not a limiting 
factor in growth.” 

Let us consider a specific example. Certain strains of 
Escherichia coli can grow on a medium containing only 
inorganic salts, ammonia and glucose, and must therefore be 
capable of synthesising all the nitrogenous constituents of the 
cell. Some strains of Eberthella typhosa cannot grow in this 
medium unless tryptophan is added. The proteins of both 
organisms contain tryptophan, and we can conclude that 
E. coli synthesises tryptophan, whereas Eb. typhosa during its 
parasitic existence has found it preferable to derive its 
tryptophan from the host tissues. Tryptophan occurs as an 
essential intermediate in the metabolism of both organisms, 
but in culture media it acts as a growth factor for only one 
of them. 

Before proceeding further, it is as well to point out the 
great variability of the nutritive requirements of a given 
species of micro-organism. It should be remembered that 
“ the nutritive requirements for a single strain do not 
necessarily represent those of the species as a whole ” (Snell, 
1946). 

We have already mentioned that the metabolic reactions 
of heterotrophic micro-organisms do not differ fundamentally 
from those of animals. Similarity does not imply identity ; 
the usual amino acids occur in bacterial protein, but for any 
one species the protein is of characteristic and constant 
composition (Stokes and Gunness, I94G ct and 6 ; Freeland 
and Gale, 1947). However, owing to the limited data available, 
it is by no means certain that bacterial protein is made up solely 
of the amino acids known to occur in animal protein (Blass and 
Macheboeuf, 1946). As might be expected, the nutritional 
requirements of micro-organisms resemble in many respects 
those of higher forms of life. These requirements are simply 
a reflection of the overall metabolism of the cell and of the 
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ESSENTIAL METABOLITES 

During growth, catabolism and anabolism proceed simul- 
taneously, and the energy derived from enzyme-catalysed 
exergonic reactions is utilised in the production of new 
cellular material. New nucleoproteins, structural proteins, 
lipoproteins and carbohydrates are formed, new enzymes are 
elaborated and new prosthetic groups and coenzymes are 
synthesised for these enzymes. We have seen that some 
intermediates for synthesis are derived from the products 
6f catabolic reactions ; others must be synthesised by 
specialised routes or obtained preformed from the surrounding 
environment. 

The autotrophic group of bacteria are capable of complete 
synthesis of all cellular materials from carbon dioxide and 
inorganic salts. Pathogenic o r ganisms are heterotro phic. that 
is, they require a_source of carbon more complex th amcarbon 
dioxide . The nitrogen requirements of pathogens vary from 
the ability to grow on media containing inorganic nitrogen to 
a complete dependence on preformed amino acids, coenzymes, 
purines, etc. Prom the viewpoint of comparative biochemistry, 
pathogen s may be regarded as evolutionary variants whi ch 
have hit on an easy method o f living, obtainin g some, at _anv 
rate, o f their— essent ial organic constituents by leading a 
parasiti c_existence-and stealing-irom-their-hosts. As pointed 
out by Knight (1945), no clear distinction can be drawn 
between metabolites “ acquired from the environment ” and 
those “ synthesised by the cell ”, since an organism may be 
able _to synthesise an-essential_ceU— consHtuent-only_very 
slowly, and during-rapid-growth-must-depend-on-an-external 
source-of-supply- “ Hence a given substance, required as a 
component of one of the essential metabolic processes might 
appear in three different roles as a component of the nutrients. 

It might appear (1) as an ‘essential* nutrient when its rate 
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The growth curve is arbitrarily divided into four phases. 

(1) The lag phase (a to b).~ In the early part of this phase 
there may be no apparent growth, .or even a slight diminution, 
in numbers, but within a short time growth becomes apparent 
and gradually increases in pace until the beginning of the 
next phase. 

(2) The logarithmic phase (b to c).— During this phase, cell 
division proceeds at a constant and maximal rate. Theoretic- 
ally, each cell completes a cycle of reproduction with uniform 
periodicity and doubles itself in unit time. It follows that 



successive cell counts plotted logarithmicalty against time 
fall on an ascending straight line. 

(3) The stationary phase (c to d). — Cells gradually cease to 
multiply at maximal rate until population gain from now 
division is more or less balanced by death of a similar number 
of cells. 

(4) Phase of decline (d to e). — The stationary phase is 
followed by a period of steady decrease in the number of 
living organisms, during which reproduction ceases and, after 
a long time, the culture becomes sterile. 

The courso of growth i3 usually characterised by three 
constants, tho length of the lag phase {£*), determined by 
extrapolation of tho logarithmic growth curve back to tho 

a 
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degree to which parasitism has resulted in reduction of the 
ability to synthesise essential intermediate metabolites. 
Animals may be equally well regarded as a form of life 
ultimately parasitic on the photosynthetio plants, and 
dependent on these plants for a supply of certain 
metabolites. 

We do not propose to review here all aspects of the subject 
of bacterial nutrition or to attempt to list the nutritive 
requirements of bacteria, but rather to indicate firstly, the 
relationship of nutritive requirements to the enzymic make-up 
of the cell ; secondly, the relation of nutritive requirements 
to the development of a parasitic form of life ; and thirdly, 
the implications of the nutritional and metabolic viewpoint 
in the design of chemotherapeutic drugs. It will not be 
desirable to consider only pathogenic organisms, since in 
many cases comparison is instructive, while the underlying 
similarity of intracellular metabolism in pathogen, non- 
pathogen and host constitutes a major problem in the 
development of scientific chemotherapy. 

Since many diseases are caused by protozoal organisms, 
it is evident that the subject of protozoal nutrition is as 
important as that of bacterial nutrition. It will not be dealt 
with separately here, but where a factor is known to be required 
by protozoa as well as by bacteria, mention will be made 
in the text. Many pathogenic protozoa require extremely 
complex media for cultivation, -and some even resist culture 
outside the host. For example. Entamoeba histolytica was even 
thought to require the presence in the medium of living 
bacteria, but has now been cultivated in the presence of 
penicillin-killed bacteria (Jacobs, 1947). 


Bacterial growth 

The growth of a bacterial population in a suitable medium 
tends to follow a fairly characteristic pattern which can be 
conveniently expressed in graphic form by plotting the 
logarithm of the number of bacteria against time. A typical 
curve is shown in Fig. 10. 
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then increases to a constant value when it cannot be eliminated 
by addition of culture filtrates or by change in medium. 
This is probably due to a decline in the activity of cell 
enzymes with age (Gale, 1940 ; Woods and Trim, 1942). 
Stephenson (1939) suggests that lag may result from the 
following causes : — 

(1) Decreased permeability duo to the inoculant having 

remained for some hours in an exhausted medium. 

(2) Decreased enzyme activity due to the same cause. 

(3) Time required for formation of adaptive enzymes. 

(4) Time required for production of highly-reactive mole- 

cules in optimum concentration. 

The first three causes cannot be eliminated by improvement 
of the medium and would be most marked in cells coming from 
old cultures. 

The logarithmic -phase . — Towards the end of the lag phase, 
there is an increase in metabolic activity, often associated 
with an increase in cell size, and followed very soon by cell 
division which accelerates to a steady maximal rate. During 
the early part of the logarithmic phase, cells may show a 
lowered resistance to bactericidal agents, but towards the end 
of the phase resistance increases again. During the late lag 
phase and at the beginning of logarithmic growth, cells adapt 
themselves more rapidly to changes of media than at any 
other time. 

The stationary phase . — During growth in a limited medium, 
conditions gradually become less favourable due to exhaustion 
of metabolites, change in pH and accumulation of toxic 
products (Morel, 1941). The effects of these adverse conditions 
usually increase from negligibility to vital importance in a 
short period, and so cause a rapid transition from logarithmic 
to stationary phase. When the basal medium is deficient, 
and concentration of any one metabolite is the limiting factor 
on growth, the maximal cell count becomes directly propor- 
tional to the initial concentration of that metabolite in the 
medium. This enables the concentration of the metabolite 
to be determined from growth response, growth being measured 
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value n = N 0 ; the mean generation time or the time required 
(during logarithmic growth) for the population count to 
double, and finally the maximal count (N,), attained during 
the stationary phase. 

The lag phase (c/. Hinshelwood, 1944; Winslow and 
Walker, 1939). The length, tf, of the lag phase depends on 
a number of factors ; if the cells of the inoculum are very 
young, t* may be considerable, but as the age of the inoculum 
increases, $ may fall nearly to zero and then increase again. 
The stationary period of the lag phase is essentially one of 
adjustment during which the inoculated cells adapt themselves 
to new conditions and build up in cell and medium the 
necessary ingredients for growth. This is well illustrated by 
the case of Bacterium lactis aerogencs winch grows on a 
synthetio medium with ammonium salts as sole source of 
nitrogen. Young inoculse show a considerable lag period 
when transferred to a fresh medium ; but the lag can be 
completely removed by addition to the basal medium of a 
sterile culture-filtrate from a fully-grown culture (Lodge and 
Hinshelwood, 1943). With older inocuke the lag depends 
upon the size of the inoculum. These results suggest that for 
growth B . lactis aerogencs requires some diffusible factors 
which during the lag phase are built up to the necessary 
threshold concentration. The nature of the growth factors in 
this case is suggested by the observation that in the presence 
of amino acids as sources of nitrogen, $ is no longer affected 
by inoculum size or by extracts of older cultures. 

In general, unfavourable media tend to lengthen the lag 
phase ; thus with B. lactis aerogencs on a synthetic medium 
containing glucose and phosphate buffer, t 1 can be increased 
indefinitely as the concentration of magnesium ions is reduced 
(Lodge and Hinshelwood, 1939). Growth can be influenced 
also by insufficient concentrations of carbon dioxide (Walker, 
1932 ; Gladstone, Fildes and Richardson, 1935 ; Gale, 1945). 
Aeration of an otherwise suitable medium with carbon dioxide- 
free air delays growth indefinitely, but reproduction begins 
immediately carbon dioxide is admitted to the air stream. 

As the age of the inoculum increases, t l falls at first, and 
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often incomplete, so that an organism may be “ trained ” to 
dispense with an amino acid by repeated subculture in a 
deficient medium. The synthetic mechanisms of exacting 
organisms can be regarded as having become atrophied or lost 
through disuse during parasitic life, when the organism could 
depend on the surrounding host tissue for a supply of amino 
acids. An organism may sometimes show a gain in growth 
rate in a rich medium consequent upon loss of synthetic 
ability (Ryan, 1946 ; Monod, 1946). In this way a pathogen 
may find it biologically advantageous to depend upon its host 
for certain essential metabolites. Such a parasitic strain is 
termed a “ nutritionally exacting ” strain. Certain nutritionally 
exacting strains of Eberthella typhosa grew on a simple 
glucose ammonium salt medium only if a small amount of 
tryptophan was present (Fildes, Gladstone and Knight, 1933). 
By serial subculture and gradual reduction in the tryptophan 
content of the medium, these strains became capable of 
growth with ammonia as sole source of nitrogen. The trained 
organisms did not dispense altogether with tryptophan as a 
constituent of their proteins but had developed the capacity 
to synthesise the amino acid, since chemical tests showed that 
tryptophan was present in non-exacting as well as in exacting 
strains. We do not wish to imply by the term nutritional 
training that slow reduction in tryptophan content of the 
medium necessarily induced a similar change in all cells of the 
population examined. When the nutritional requirements of 
a strain are determined, it is the character of a population 
rather than of an individual which is being measured. The 
character of a population may be altered either by selection 
of individuals from an initially heterogeneous population, or 
by selection of variants occurring spontaneously during 
growth of the population, or by induction of variation in 
some or all of the cells under examination. The question of 
tho ultimate nature of bacterial variation is discussed more 
fully in Chapter VI. 

Although tryptophan was the only amino acid found to be 
absolutely essential for the growth of certain exacting strains 
of Eberthella lyphosa, other amino acids, namely cystine, 
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by some standard method after sufficient time for the 
stationary phase to be reached. Fig. 11 represents a typical 
growth-response curve ; it shows the growth (estimated as 
turbidity) of a strain of Lactobacillus arabinosus with varying 
amounts of tryptophan in an otherwise complete medium 
(Wright and Skeggs, 1945). Fig. 13 shows normal growth 
curves for varying amounts of metabolite. 



H g of tryptophan 

Fio. 11. — Growth responso of Lactobacillus arabinosus to addition of trypto- 
phan to a deficient medium after 24 hours growth. (Wright and Skeggs, 
1945.) 

Amino acids as essential metabolites 

As noted already, some organisms such as Escherichia coli, 
Pseudomonas pyoci/anea and Friedlander’s bacillus [Kl. pneu- 
moniae) can utilise ammonia as sole source of nitrogen ; thej' 
are thus able to synthesise all their amino acids. Bacteria 
with more exacting nutritional requirements have lost the 
capacity to synthesise certain amino acids ; but this loss is 
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form. Some of the more exacting strains required tryptophan, 
cystine, leucine, valine, proline, glycine, aspartic acid, phenyl- 
alanine, arginine, histidine and methionine for full growth. 
Training to maximum growth in the absence of any one or 
all of these amino acids, with the exception of cystine, was 
possible, but the ease of adaptation varied both with the 
strain and with the amino acid. Training of a strain to become 
independent of one amino acid often resulted in a simultaneous 
reduction in its dependence on other amino acids ; in other 
cases training to dispense with an amino acid, for example 
leucine, could only be accomplished readily if other amino 
acids were present. These results suggest a certain inter- 
dependence between the enzymic mechanisms concerned with 
amino acid synthesis in the cell. Streptococci have even 
more complex amino acid requirements than Staph, aureus , 
but here again there exist in the laboratory more and less 
exacting strains, and a certain amount of training is possible. 
By omitting each of nineteen amino acids in turn from the 
growth medium, Woolley (1941) was able to show that for a 
strain of Strep, hcemolyticus, glutamic acid and tryptophan 
were absolutely indispensable, but both together were unable 
to support growth as the only source of organic nitrogen. 
Before growth would take place, all the following amino acids 
had also to be present : isoleucine, lysine, arginine, cystine 
and tyrosine. A full account of the amino acid requirements 
of various lactic acid bacteria used in quantitative assay of 
amino acids has been given by Dunn, Shankman, Camien 
and Block (1947). 

The very rapid chango which can take place in the 
nutritional requirements of a pathogenic organism is well 
illustrated by a study of the glutamine requirements of the 
“ Richards ” strain of Strep, hcemolyticus (Mcllwain, Fildes, 
Gladstone and Knight, 1939; Fildes and Gladstone, 1939), 
The test organism had to be maintained by repeated mouse- 
passage, since, after a few sub-cultures on agar, the organism 
became independent of added glutamine. With the un- 
trained organism from fresh blood, a glutamine concentration 
of 2’5xl0~ 6 M. was sufficient to allow full growth; with 
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leucine, lysine, tyrosine and histidine had growth-promoting 
effects when added to a basal medium already containing 
tryptophan. This type of result, which is common to many 
studies of the nutritive requirements of micro-organisms, can 
be taken to indicate that although the exacting strain is 
capable of synthesising these other amino acids, it cannot 
carry out the synthesis sufficiently rapidly to meet all its 
requirements for maximal growth. When one growth factor 
is supplied, the need for another may become apparent simply 
because the potential rate of growth is now much greater. 
The limitation imposed by failure to synthesise one metabolite 
sufficiently rapidly is overcome by drawing on the medium 
for a supply of that metabolite, the whole metabolic rate is 
transformed to a higher plane, and the cellular requirements 
for every metabolite are stepped up so that another e muonic 
reaction becomes the limiting factor in the synthesis of new 
cellular material. 

Some exacting strains of Eberthetla typhosa show absolute 
growth requirements for amino acids other than tryptophan, 
such as arginine, glutamic acid or lysine. The amino acid 
requirements of a given strain can vary with the form of 
carbohydrate present in the medium (Burrows, 1942). The 
adaptive capacity of pathogens may be so great that, when 
first isolated from the host, their amino acid requirements 
are very much more complex than after one or two subcultures 
in simple media (Mcllwain, Fildes, Gladstone and Knight, 
1939). The capacity for adaptation may even be such that 
it is difficult to estimate the growth requirements of pathogenic 
organisms as they exist in the host. A chemotherapeutic 
drug may act by interfering with the utilisation of a metabolite, 
but if a pathogen is capable of adapting itself to dispense with 
that metabolite, or to synthesise sufficient for growth even in 
the presence of drug, then resistance to the dnig may develop 
so rapidly as to make the drug useless as a chemotherapeutic 
remedy. 

The amino acid requirements of Staph, aureus have been 
studied by Gladstone (1937). Strains were found to differ in 
their requirements and were, easily trained to a less exacting 
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smaller concentrations no growth occurred and with larger 
concentrations there was no augmentation of the growth 
rate. This “ all-or-none ” effect is unusual, for the response 
to addition of a growth factor is usually, within limits, 
proportional to the amount of factor added. With the 
exacting “ Richards ” strain of Strep, hcemolyticus, evidently 
preformed glutamine is essential only for the initiation of 
multiplication ; once growth is started by a minimal amount 
of glutamine, more glutamine can be synthesised from other 
constituents of the medium. Other organisms, such as 



Fig. 12.— Effect of varied tryptophan concentration on the growth of typhoid 
bacillus in glucose-salt medium. Figures on. curves represent percentage 
tryptophan m medium. (Burrows, 1939a.) 

Lactobacillus casei, respond quite differently to glutamine, 
their growth rate showing proportionality to the amount of 
glutamine added to the medium. 

A somewhat similar “ all-or-none ” response to tryptophan 
has been obtained with the typhoid bacillus (Burrows, 1939 
o, b). Provided a minimum amount of tryptophan is added 
to the medium (about 0-0005 per cent.), increasing amounts 
of tryptophan have no effect on the growth rate as judged 
by the slope of the growth curve or on the total population 
attained, but do reduce the time lag before growth begins 
(see Fig. 12 ; also Fig. 13 where a normal growth response 
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said to be required by Lactobacillus casei (Scott, Norris and 
Heuser, 1946, 1947). 

Where s tim ulation of growth by an amino acid can be 
shown, the assumption is reasonable that the added amino 
acid plays an important part in metabolism of the organism 
in question. The non-essential amino acids, when present 
in the medium, are often deaminated or decarboxylated and 
then used as a source of energy and nitrogen (Stokes and 
Larsen, 1945). The nature of bacterial protein may be 
independent of the amino acid composition of the medium 
(Catnien, Salle and Dunn, 1945 ; Freeland and Gale, 1947), 
while proteins of organisms grown in the absence of non- 
essential amino acids can be shown to contain those amino 
acids. Micro-organisms must therefore be capable of syn- 
thesising non-essential amino acids either from other con- 
stituents of the nutrient medium or from the intermediates 
of carbohydrate or fat metabolism. A more detailed study 
of the growth-promoting effects of various amino acids and 
their precursors can indicate the pathways for some of these 
syntheses. 

Synthesis of tryptophan 

As already mentioned, an exacting strain of Eberthella 
typhosa will not grow on a simple salt glucose medium but 
grows Teadily if tryptophan is added to the medium. Trypto- 
phan as a growth stimulant can be replaced by indole (Fildes, 
19406). The organism is apparently incapable of synthesising 
indole, but, if presented with indole, can convert it to trypto- 
phan. Indole was also found to be a growth factor for 
Corynebacterium diphtherias in a tryptophan- free medium. Some 
strains of staphylococcus were found to be capable of the 
conversion of indole to tryptophan whereas other strains 
required preformed tryptophan. Such results suggest that 
indole may be an intermediate in the biological synthesis of 
tryptophan. A further extension of the metabolic pathway is 
indicated by the capacity of antliranilic acid to act as a growth 
factor for some strains of lactic acid bacteria in place of either 
indole or tryptophan (Snell, 1043). It is therefore probable 
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the medium may inhibit intracellular tryptophan synthesis by 
a mass-action effect. 

These few cases should suffice to indicate the variability 
of microbial response to growth factors and to exemplify the 
underlying biochemical similarity in the amino acid require- 
ments of bacterium and animal. Rose ( 1 9 3 8) lias listed twenty- 
one amino acids which are normal constituents of dietary 
proteins. All these can be utilised by the rat, but only ten are 
essential. Of the ten essential amino acids (see Table 3), nine 
are absolutely essential ; the tenth, arginine, can be synthesised 
by the rat, but not at a sufficiently rapid rate to meet the needs 
for normal growth. 

Table 3 


Amino acids in the nutrition of the rat (Rose, 1938} 


Essential Amino Acids 
Lysine 
Tryptophan 
Histidine 
Phenylalanine 
Leucine 
Isoleucine 
Threonine 
Methionine * 
Valine 
(Arginine) 


Non-Essential Amino Acids 
Glycine 
Alanine 
Serine 

Aspartic acid 
Glutamic acid 
Proline 

Hydro syprolme 

Citrulline 

Tyrosine 

Cystine 

Asparagine 


* Can be replaced by mixture of homocystine and choline. 


The majority of these twenty-one amino acids have been 
shown to have growth-promoting properties for some type 
of micro-organism (Porter, 1946). The amino acid requirements 
of micro-organisms are not invariably satisfied by a mixture 
of all the known free amino acids. A low molecular weight 
polypeptide, known as strepogenin, which can be liberated 
from proteins, has been found to have growth-promoting 
properties for bacteria in an otherwise complete synthetic 
medium (Sprince and Woolley, 1914, 1945). Strepogenin 
may be related to the peptide seryl-glycyl-glutamic acid 
which showed limited strepogenin activity (Woolley, 19466). 
A heat-stable factor associated with certain proteins is also 
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in that synthesis. After exposure to X-rays, strains of 
Neurospora were isolated which could not grow on the original 
simple medium and required the addition of tryptophan or 
one of its precursors. One strain could not synthesise 
anthranilic acid but could, if provided with anthranilic acid, 
grow and synthesise tryptophan. Another mutant could not 
convert anthranilic acid to tryptophan but could utilise indole. 
The strain which could form tryptophan from indole but not 
from anthranilic acid actually produced anthranilic acid, but 
the next stage in the synthesis was blocked because of lack 
of the specific enzyme. 

Participation of serine in the synthesis was also demon- 
strated. Indole was only slowly utilised by a growing culture 
in the absence of serine, but addition of serine caused an 
increase in the rate of production of tryptophan which was 
proportional to the amount of serine added. Other 
theoretically -possible intermediates were completely inactive. 
A cell-free enzyme requiring pyridoxal phosphate as coenzyme 
was prepared from Neurospora and found to be capable of 
synthesising tryptophan from indole and serine (Umbreit, 
Wood and Gunsalus, 1946). The well-known degradation of 
tryptophan to indole by Escherichia coli (Fildes, 1938) was 
first assumed to be the reverse of the synthetic process (Tatum 
and Bonner, 1944). Evidence has now accumulated that 
argument by analogy was misleading. A cell-free trypto- 
phanase enzyme has been isolated from E. coli which catatyses 
the reaction : tryptophan->indole-{- pyruvic acid -J- ammonia. 
The enzyme can be resolved into an inactive apo-enzyme and 
its coenzyme, pyridoxal phosphate. Apparently, serine is 
not an intermediate in this process, since the purified enzyme 
did not deaminato serine (Wood, Gunsalus and Umbreit, 1947). 

Deductions as to fundamental routes for the biosyntheses 
of amino acids and other essential metabolites made from 
studies with X-ray mutants of moulds are thus useful pointers 
to the metabolic routes followed in other micro-organisms, 
but arc not necessarily applicable to all micro-organisms and 
should bo regarded mainly as a guide to more direct 
investigation. Fungi, Him pathogenic bacteria, often show 
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that tryptophan is normally synthesised through indole by 
cyclisation of anthranilio acid. 



COOH 

nh 2 



+ serine 


— — j|CH a .CH(NHj)COOH 


Anthrom/ic add 


Indole 


Tryptophan 


This assumption has been strikingly confirmed by several 
different investigations. That of Fildes (1945) showed that 
indoleacrylic acid, a growth inhibitor which blocks synthesis 
of tryptophan from indole, is growth-inhibitory when indole 
has to be converted to tryptophan but not when tryptophan 
is already present (see Chapter V for further details). Another 
type of investigation on tryptophan synthesis has been the 
study by Tatum and Bonner (1944) of nutritive requirements 
of X-ray mutants of the mould Neurospora. 

The normal wild-type strains of Neurospora are able to 
grow on a simple medium containing only inorganic salts, a 
source of organic carbon, and biotin. After exposure to 
sublethal doses of X-rays, mutant strains may be isolated 
which are more exacting in their nutritional requirements 
than the parent strains. The concept that the specific growth 
requirements of micro-organisms are a reflection, not of 
intrinsically different needs, but rather of loss of the capacity 
to synthesise certain metabolites, has already been mentioned. 
With the mould Neurospora genetic analysis is possible, and 
the synthesis of essential metabolites has been shown to be 
gene-controlled, each synthetic deficiency being inherited as 
if it were associated with the mutation of a single gene (Beadle 
and Tatum, 1941). Any biosynthesis involves a series of 
consecutive reactions, each catalysed by a specific enzyme.' 
The production of each enzyme appears to be gene-controlled. 
Mutation may result in loss of the enzyme essential for any 
one step in a synthetic series, consequently the number of 
different mutants affecting a given synthesis is a measure of 
the minimum number of biochemical steps directly involved 
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the mode of action of metabolite antagonists. It should be 
noted that the growth-inhibitory effect of one amino acid 
is generally dependent upon the failure of a strain to synthesise 
optimal amounts of another structurally-related amino acid. 

Metabolite deficiency and metabolic response 

Amiuo acids are involved in the general protein synthesis 
of the cell, and so are equally essential for the formation of a 
vast array of enzymes ; consequently, deficiency of any one 
amino acid is hardly likely to be reflected in a recognisable 
deficiency of any single enzyme or group of enzymes. A 
knowledge of the amino acid requirements of micro-organisms 
only provides information about the nature of the overall 
metabolism of the cell. Information about the part played by 
certain enzymes may be obtained by growing micro-organisms 
in media deficient in a single coenzyme or essential trace metal. 
The cell may then exhibit a lop-sided metabolism which can 
provide information, both as to the function of the coenzyme 
or metal, and also as to the relativo importance to the cell of 
different enzymes with common prosthetic groups or co- 
enzymes. The nature of the response observed on addition of an 
essential metabolite to a culture containing suboptimal amounts 
of that metabolite may also indicate its function in the cell. 

Metallic metabolites 

In discussion of the individual enzymes of cellular 
metabolism, attention was drawn to the importance of metals 
such as iron, zinc, magnesium and manganese as essential 
constituents of numerous enzyme systems. Relatively little 
is known about the inorganic salt requirements of bacteria. 
The earlier literature suggested that no ions other than sodium, 
potassium, chloride, sulphate and phosphate were necessary 
for growth, but it is now generally recognised that these 
conclusions were reached because of the difficulty of freeing 
a medium of all traces of other ions. Only very rigorous and 
carefully designed experiments using specially purifl.edjggtcri gl » 
can give reliable information as to the exaSf^no^aJnijl “Salfr 
requirements of micro-organisms. 
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an inability to synthesise essential metabolites, which may 
be regarded as a naturally-occurring evolutionary loss cor- 
related with gene mutation (see Chapter VI). 

Amino acid antagonisms 

Bacillus anthracis will grow very well on a glucose-salt 
medium containing the following seventeen amino acids : 
aspartic acid, valine, leucine, alanine, glutamic acid, isoleucine, 
phenylalanine, lysine, glycine, proline, hydroxyproline, tyro- 
sine, arginine, histidine, cystine, metliionine and tryptophan. 
If, however, valine, leucine or isoleucine is added singly to a 
mixture of amino acids able to support growth without it, 
growth is prevented (Gladstone, 1939). The toxic effect of 
leucine may be counteracted by valine, and vice versa ; the 
toxic effect of isoleucine is only overcome if both valine and 
leucine are added. Other antagonisms were found between 
threonine and serine and between valine and a-aminobutyric 
acid. Similar types of antagonistic pairs have been noted with 
other organisms. Glutamine and aspartic acid are antagonistic 
for Lactobacillus casei (Feeney and Strong, 1942) ; leucine 
and methionine are antagonistic for Proteus morganii (Porter 
and Meyers, 1945). Possibly these antagonisms arise because 
of close relationships between the mechanisms for biological 
synthesis of the antagonistic pairs, the precursor of one amino 
acid being able to interfere with formation of another. This 
view is supported by isolation of a “ valine-lcss ” (t.e. unable 
to synthesise valine) X-ray mutant strain of Neurospora 
crassa which was found to require both isoleucine and valine 
in an optimal ratio of 70-80 per cent, valine to 30-20 per cent, 
isoleucine (Bonner, Tatum and Beadle, 1943 ; Bonner, 1946). 
This apparent double requirement of a single mutant is 
thought to be due to failure of amination of keto-isoleucine to 
isoleucine with consequent accumulation of keto-isoleucine. 
The keto acid may specifically inhibit amination of the 
closely related keto-vakne, so preventing synthesis of valine. 

These examples of amino acid antagonisms indicate the 
complexity of the interpretation of nutritional studies, and 
suggest the difficulties which have to be met in interpreting 



ESSENTIAL METABOLITES 


113 


the amount of iron present, and the iron content of the cells 
showed a direct relationship to the concentration of iron in 
the medium. Aerobacter indologenes grown on a medium 
deficient in iron showed only 5 per cent, of its normal catalase 
and peroxidase activities. The cytochrome activity, as 
indicated by cyanide-sensitive aerobic respiration, was normal, 
but the two weak cytochrome bands visible in normal cells 
were no longer visible in the iron-deficient organisms. The 
dehydrogenase aotivity of the deficient cells was unimpaired 
except for a loss of formic dehydrogenase and formic hydro- 
genlyase. It appears that the iron-deficient cells had dispensed 
with the less essential enzymes dependent on iron, in order to 
spare the available metal for the more essential cytochrome 
system. Essentially similar results were obtained with 
Aerobacter cerogenes by Perlman (1945) who utilised cationic 
exchange resins to free the medium from trace elements. 

The nature of glucose metabolism by Clostridium, welchii 
depends on the iron content of the medium (Pappenheimer 
and Shaskan, 1944). As the available iron is reduced, the 
fermentation changes from a predominantly acetic-butyric 
acid type, producing large amounts of carbon dixoide and 
hydrogen, towards a lactic acid type of fermentation which 
produces little gas. CL welchii does not possess a cytochrome 
system but apparently iron plays some essential part in its 
normal glucose fermentation. Almost complete inhibition 
of normal glucose fermentation of Cl. tetani can be caused 
by treatment of a washed suspension of normal organisms with 
a : a'-dipyridyl, a reagent which is known to combine with 
ionic iron but not with the iron of hzematin enzymes. Azide, 
which acts as an inhibitor of hcematin enzymes, has no in- 
hibitory effect on fermentation (Lerner and Pickett, 1945). 
Earlier observations by ICubowitz (1934) suggest that iron or 
another heavy metal is an essential part of some enzyme 
involved in the acetic-butyric acid type of fermentation of 
Clostridium butyricum. High concentrations of carbon mon- 
oxide, which are known to inactivate heavy metal catalysts, 
diverted the fermentation to the production of lactic acid. 
Tiio commercial conversion of maize mash to acetone and butyl 
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The trace element requirements of only a few micro- 
organisms have been investigated (Young, Begg and Pentz, 
1944). Zinc has been almost completely removed from a 
medium by extraction with a solution of diphenylthiocarbazone 
in carbon tetrachloride (Feeney, Lightbody and Garibaldi, 
1947). The medium, containing less than 0-004 parts per 
million of zinc, supported slow growth of Bacillus subtilis but 
the antibiotic, subtilin, normally produced by the strain, was 
no longer synthesised. As the zinc content of the medium 
was increased, both growth and antibiotic production increased 
towards normal. The growth of Corynebacterium diphtheria 
can be greatly slowed by reduction of the iron content of the 
medium. As the iron content of the medium is raised above 
the minimal requirement, increased growth is accompanied 
by increased excretion of diphtheria toxin and of porphyrin. 
Beyond a critical level of iron there is a rapid fall in yield of 
toxin and porphyrin, but growth rate continues to increase 
(Pappenheimer and Hendee, 1947). Simultaneously with the 
fall in porphyrin excretion there appears, in the cell suspension, 
the characteristic spectrum of cytochrome b. Small amounts 
of cytochrome a have also been reported in G. diphtheria, but 
no cytochrome c (Rawlinson and Hale, 1948). Pappenheimer 
and Hendee suggest that the cell may be unable, in an iron- 
deficient medium, to synthesise complete cytochrome b but 
continues to synthesise bits of the molecule which appear in 
the medium as prophyrin and diphtheria toxin. 

Waring and Werkman (1942 a and b, and 1944) freed 
media from traces of iron by treating with 8-hydroxyquinoline 
and extracting the iron-quinoline complex with chloroform. 
Using these media, they found that Escherichia coli, Aerabacier 
indologenes and Klebsiella pneumonia required 0-02 to 0-03 
parts per milli on of iron for growth. Pseudomonas pyoyanea 
u nlik e these other three organisms which have incomplete 
cytochrome systems, normally shows a complete 4-banded 
cytochrome spectrum and high peroxidase and catalase 
activities ; as might be expected, it required tliree to four 
times more iron. When the iron content of the medium was 
sub optimal, growth of all these organisms was proportional to 



ESSENTIAL METABOLITES 115 

likely to be of less importance to the cell. This interpretation 
was supported by reports that Hcemopkilus influenza* did not 
require X-factor for growth in the absence of oxygen. A care- 
ful study by Gilder and Granick (1947) suggests that this maybe 
only partially true since H. influenza* Turner requires a limited 
supply of hjeme even in the complete absence of oxygen. 

Lwoff (19336, 1936) found that trypanosomes grown in 
media containing suboptimal amounts of hsematin showed a 
respiratory rate of about one-third normal ; the reduced 



Protoporphyrin RisCH=CH, 

Hcematoporphynn R is CHOH — CH, 

Mesoporphyrm R is CH, — CH, 

Coproporphynn R is CH, — CH,— COOH 

Fig. 14. — Porphyrin skeleton. 

respiration was restored to normal by hsematin, or by protopor- 
phyrin and iron. Although cytochrome alone could not replace 
hrematin, in the presence of suboptimal amounts of blood it 
caused considerable augmentation of growth of trypanosomes. 

The loss of synthetic ability of If. influenza* lies in a failure 
to synthesise protoporphyrin, since “ X-factor ” may be 
replaced by a mixture of iron and protoporphyrin. Various 
strains differ in their response to other porphyrins. In some 
strains iron-mesoporphyrin or mesoporphyrm in low concen- 
tration supports growth, in others, the vinyl side-chains (see 
Fig. 14) are essential and compounds such as coproporphyrin. 
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alcohol by Cl. acetobutylicum is also inhibited by carbon 
monoxide, but in a continuous stream of carbon monoxide a 
suitable cell suspension can convert glucose to lactic acid 
(Simon, 1947). 

It is apparent from these few results that much useful 
information on the enzymic function of trace metals is likely 
to accumulate as methods are developed for the preparation 
of metal-free media. It hardly needs to be emphasised that 
any organic compound capable of forming a stable organo- 
metallic complex is a potential enzyme inhibitor, and a 
suitable pattern for chemotherapeutic research. 

Organometallic metabolites 

A few groups of organisms seem to have lost the capacity 
to synthesise hceme enzymes from iron. Davis (1917) found 
that Hcemophilus influenzce (Pfeiffer’s bacillus) could not grow 
in peptone broth unless supplied with two additional growth 
factors, one of which was thermostable and occurred in blood 
pigments. TbjOtta and Avery (1921) suggested the term 
“ X-factor ” for the growth substance contained in blood 
pigments and the term “ V-factor ” for the other, thennolabile, 
growth factor present in tissue extracts. Over a period of 
years, “ X-factor ” has been shown to be essential for several 
other species of the genus Htemophilus and for Bartonella 
bacilliformi8 and Pasteurella pestis, also for some protozoa 
including several trypanosomes and leishmania (Jimenez, 
1940 ; Rao, 1939 ; Lwoff, 1938). The X-factor was found 
by A. and M. Lwoff (1933 a, b) to be part of the iron-containing 
pigment of blood ; haemoglobin itself was much less active 
than the porphyrin pigment haematin ; other porphyrin pig- 
ments such as chlorophyll were inactive, but catalase and 
plant peroxidase had activity. Lwoff suggests that exacting 
organisms have lost the capacity to synthesise from simple 
nutrients the iron-porphyrin enzymes such as cytochrome 
oxidase, catalase and peroxidase. The iron-porphyrin enzymes 
are concerned with aerobic metabolism and with the immediate 
destruction of any hydrogen peroxide formed under aerobic 
conditions ; under anaerobic conditions those enzymes are 
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is possibly used by the organism as a source of coenzyme I, 
but adenosine, nicotinamide and nicotinic acid are inactive 
(Lwoff and Lwoff, 1936, 1937a ; Schlenk and Gingrich, 1942 ; 
Gingrich and Schlenk, 1 944). All micro-organisms which do not 
require “ V-factor ” are believed to synthesise it, either from 
inorganic salts and a carbon source, or from preformed portions 
of the molecule such as nicotinic acid and adenine. In other 
words, coenzymes I and II are essential parts of the enzymic 
structure of all organisms, but there is considerable variation 
in the ability of different micro-organisms to carry out the 
*. various steps of synthesis. A mixture of nicotinamide, d-ribose 
and adenylic acid cannot replace coenzyme I in promoting the 


Table 4 

Relative growth-promoting effects of Nicotinamide and 
Nicotinic Acid for different bacteria 


Organism 

Ratio of activity of amide/acid 

0. diphtheria; .... 

1 : 10 

Pr. vulgaris ..... 

1 : 1 

Staph, aureus 

5 : 1 

Dysentery bacillus .... 

10:1 

(certain) Pasteurollffi 

cc (acid ineffective) 


Koser, Borkman and Dorfman (1941) 


growth of Hcemophilus influenzce, but nicotinamide riboside 
is able to maintain growth. This organism lias apparently 
lost the capacity to link nicotinamide with ribose, but can 
perform the other steps in the synthesis of the pyridine 
nucleotides. 

Other organisms which fail to synthesise coenzyme from 
inorganic salts and carbohydrate usually do so because of 
their inability to synthesise nicotinic acid or nicotinamide. 
Nicotinic acid can act as a growth factor for various organisms, 
but different species differ considerably in their ability to 
convert nicotinic acid to nicotinamide, and hence in their 
ability to utilise nicotinic acid in place of nicotinamide. This 
difference is indicated in Table 4, which shows that Coryne- 
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mesoporphyrin and hjematoporphyrin fail to support growth 
or even inhibit growth. Simple esterification of the propionic 
acid side-chains of hgematin or protoporphyrin may prevent 
utilisation (Granick and Gilder, 1946; Gilder and Granick, 1947). 




Nicotinic acid derivatives 

Thjotta and Avery (1921) suggested the name “ V-factor ” 
for the thermolabile growth factor contained in tissue extracts 
and required by Hcemophilus injluenzcc, but were unable to 
elucidate its nature. It was not until 1936 that the “V- 
factor ” was identified by Lwoff, as di- or possibly tripliospho- 
pyridine nucleotide (coenzyrae I or II). Coenzyme II is 
rather less active as a growth factor than coenzyme I and 
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by mutation. Two of the mutant strains were, however, able 
to convert tryptophan or kynurenine to nicotinic acid. Two 
other genetically-distinct “nicotinic acid-less” strains were 
unable to use tryptophan or kynurenine but, when supplied 
with min im al quantities of nicotinic acid, accumulated 
hydroxyanthranilie acid in the medium (Bonner, 1948 ; 
Mitchell and Nyc, 1948). These results suggest that a bio- 
synthetic route (formulae below) for nicotinic acid synthesis 
may extend from anthranilic acid, through indole and trypto- 
phan (p. 107) to kynurenine, with some still unrecognised 
further stages through hydroxyanthranilie acid. 



Anthranilic acid Indole Tryptophan 

'I 

0 COOH jA|-CO.CH 2 .CH(NH 2 ).COOH 

NH 2 \JnH 2 
OH 

Nicotinic acid Hydroxyanthranilie Kynurenine 

acid 

Structural specificity of substituted pyridines 

As already indicated, growth requirements are in no way 
absolute and depend upon the environment in which a test is 
made, so that it is impossible to classify pyridine derivatives 
as active, partially active and completely inactive as growth 
factors. It is possible, however, to take a broader view and to 
consider pyridine derivatives as potential precursors of essential 
coenzymes which may or may not, according to the metabolic 
abilities of a micro-organism, be converted to a form suitable 
for incorporation into essential coenzymes. An examination 
of the data collected by various workers on the growth- 
promoting activity of pyridine derivatives, leads to the general 
conclusion that unless the pyridine ring is substituted in the 
3 position, as in nicotinic acid, it cannot be utilised. The two 


^jjCOOH 

*NK 
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nicotinamide may be trained to dispense with it (Koser and 
Wright, 1943). The trained organisms continue to synthesise 
“ V-factor ” and must therefore have developed the capacity 
to synthesise nicotinamide. 

Little is known of the route by which nicotinic acid is 
synthesised by those organisms which do not require an 
external source. Ornithine may be deaminated to co-amino- 
propylideneacetic acid and cyclised by reaction with formalde- 
hyde to give guvacine as indicated in the following scheme : — 


NH 2 .CH l 

k, 

k, — 

k.NH, 

koH 

Ornithine 


NH 2 .CH, 

k 

l ‘ 


nh 2 .ch 2 

c:h 2 


CHj ► 

k.OH 

koH 


CH 

k 

ioOH 


HCHO ^ 


Guvacine 

H 

' C \ 

CH, C— COOH 

I 

H, CH, 




Nicotinic acid 

SCOOH 


Guvacine or hexahydronicotinic acid have been found to 
replace nicotinamide in the nutrition of Staph, aureus and 
Proteus vulgaris (Euler, HOgberg, Karrer, Salomon and 
Ruckstuhl, 1944). 

An alternative route for nicotinic acid synthesis has been 
suggested by a study of “ nicotinic acid-less ” mutants of 
Nenrospom. Genetic analysis of the induced mutants sug- 
gested that nicotinic acid synthesis might be blocked at any 
one of three separate loci. Possible precursors of nicotinic 
acid, such as pyridine, ^-picoline, y-picoline, piperidine, 
piperidine-3 -carboxylic acid (hexahydronicotinic acid), tri- 
gonelline, ornithine, proline, a-amino-n-valeric acid and a- 
amino-n-caproic acid were all unable to replace nicotinic 
acid for growth of the mutant strains and were, therefore, 
not likely intermediates on the biosynthetic pathway blocked 
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Table 6 



Adapted from Knight (1915). 
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isomeric acids, picolinic and fsonicotinic, fail to promote 
growth (Table 6). Introduction of a second substituent 
into the ring of nicotinic acid usually produces an inactive 
compound, but some micro-organisms can itse pyridine-2 : 3- 
dicarboxylic acid, presumably because they are capable of 
converting the dicarboxylic acid to nicotinic acid. This 
observation raises an interesting question which cannot be 
answered until methods are worked out for the complete 
synthesis of coenzymes I and II. It is not clear whether the 
inactivity of some compounds is due to the inability of micro- 
organisms to build them up into a coenzyme-like structure, or 
is due to a functional failure of a coenzyme built on a slightly 
different pattern from tho normal structure. Where inactivity 
is confined to a few species of micro-organisms and the same 
compound can be utilised by other species, the failure is 
presumably in the initial synthesis of coenzyme. Where all 
species fail to grow when a nicotinic acid analogue is sub- 
stituted for nicotinic acid, the failure may be functional ; in 
other words, an enzymically inactive analogue of coenzyme I 
or II may be synthesised but not utilised. Some of the results 
of testing pyridine derivatives as growth factors are summarised 
in Table 6. 

Purines and pyrimidines 

The ability to synthesise the adenylic acid portion of 
phosphopyridine nucleotides seems to be less frequently lost 
in parasitic organisms than the ability to synthesise the 
nicotinic acid part of the molecule. This difference may be 
related to the very wide biological importance of adenine and 
closely related purines. Adenine is not only essential for 
synthesis of “ V-factors,” but is also a component of many 
other enzyme systems, for example the flavin adenine nucleo- 
tides ; and in the form of adenosine di- or triphosphate, it 
plays a fundamental role in energy transfer. In addition, 
adenine and the related purine guanine form an important 
part of bacterial nucleoprotein (Stahl, Pennel and Huddleston, 
1939). It is not surprising therefore that a parasitic organism 
hesitates for strategic reasons before lowering its tariff barriers 
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thymine and uracil as components of nucleic acid from Myco- 
bacterium tuberculosis. Later Johnson and Brown (1922) 
reinvestigated the problem and identified thymine and cytosine 
but could not identify uracil. The nucleic acid from tho 
closely related organism Mycobacterium phlei contained, in 
addition to adenine and guanine, the pyrimidines cytosine and 
uracil but no thymine (Coghill, 1931). The nucleic acid from 
Corynebacterium dipfitherice contained all three pyrimidines 
(Coghill and Barnes, 1932). Recent work by Sevag and his 
colleagues has indicated that the nucleic acid of Strep, hcemo- 
lyticus is a mixture of the desoxyribose and ribose types (Sevag, 
Smolens and Lackman, 1940 ; Sevag and Smolens, 1941). 

Uracil has been found essential for anaerobic oulture of 
Staph, aureus but is probably synthesised by the organism 
under aerobic conditions (Richardson, 1936). Various exacting 
strains of lactobacilli respond to thymine and cytosine as well 
as to uracil (Snell and Mitchell, 1941). 

The assumption that micro-organisms requiring pyrimidines 
build these bases up partly to the nucleic acid form is supported 
by the nature of the growth response of “ pyrimidine-less ” 
X-ray mutants of Neurospora. The pyrimidine nucleosides 
uridine and cytidine and the nucleotides uridylic acid and 
cytidylic acid were from ten to sixty times as active as the 
two most active pyrimidines uracil and orotic acid (Loring 
and Pierce, 1944). Stokes (1944) suggested that folic acid 
may participate in the synthesis of pyrimidines, since high 
concentrations of thymine or its nucleoside can replace folic 
acid in the nutrition of Streptococcus fcccalis. Other pyrimidines 
or pyrimidine analogues containing the 5-methyl group can 
replace thymine, a sulphur analogue of thymine (6-methyl-2- 
oxy-I-thiopyrimidinc) being as active as thymine itself (see 
Table 7) (Hatchings, Falco and Sherwood, 1945). Purines 
have been implicated as products of the metabolic system of 
the cell which requires p-aminobenzoic acid, and p -amino - 
benzoic acid is a component of folic acid ; in other words, 
failure to utilise p-aminobenzoic acid may result in failure of 
tho whole nucleic acid synthesising system (see Chapter V for 
further discussion). 
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and allowing foreign-manufactured adenine to displace the 
home-made product, even though the imported article may 
be economically desirable. 

A strain of Strep, kcemolyticus has been found to require 
both nicotinic acid and adenylic acid or other purine (i.e. both 
portions of coenzymes I and II) at low carbon dioxide 
pressures (Pappenheimer and Hottle, 1940). Other strains of 
this organism could not utilise adenine, but grew on xanthine, 
guanine, hypoxanthine, guanosine or adenosine {Wilson, 1945). 
Various lactic acid bacteria may also fail to grow under certain 
conditions in the absence of adenine or guanine (Snell and 
Mitchell, 1941), but more usually these purines have been 
found to have growth-stimulating rather than growth-initiating 
effects (Feeney and Strong, 1942 ; Snell and Mitchell, 1942). 
The distinction is perhaps somewhat academic, since a 
substance which promotes growth under one set of conditions 
may initiate growth under another. In either case, the 
nutrient is playing an essential part in cell metabolism. 

Purines have been found to be essential metabolites for 
protozoa and for fungi as well as for bacteria, another indication 
of the fundamental unity of intermediate metabolic pathways 
in different types of living cells (Kidder and Dewey, 1945 ; 
Robbins and Kavanagh, 1942). 

Up to the present, studies on purine-starved organisms 
have not implicated any particular enzymic systems, but the 
growth response of deficient “ adenine-less ” Neurospora was 
greater with coenzyme I than with adenine or adenosine 
(Pierce and Loring, 1945) Purine deficiency has, however, 
received relatively little attention as yet, and it is possible 
that further study will indicate specific enzymic deficiencies in 
purine-starved cells. Suggestions have been repeatedly made 
during recent years that purines are concerned with p-amino- 
benzoic acid metabolism and therefore with the mode of action 
of sulphonamides. This aspect of purine function will be more 
fully discussed in Chapter V. 

So far as we know from the scanty data available, bacterial 
nucleic acid, like yeast and animal nucleic acid, is built from 
pyrimidines as well as purines. Levenc (1904) identified 



ESSENTIAL METABOLITES 


127 


component of a number of enzyme systems, particularly those 
concerned with pyruvate metabolism (p. 73). 

From a study of the change in metabolism following 
addition of thiamin to thiamin-starved Staph, aureus, Hills 
(1938) concluded that anaerobic dismutation of pyruvate to 
lactate, acetate and carbon dixoide depended on an enzyme 
system involving thiamin. Later Smyth (1940) extended 
these results by showing that oxaloacetate could to some 
extent replace thiamin, suggesting that one of the functions 
of thiamin may be to catalyse the formation of oxaloacetate 
from pyruvate and carbon dioxide. When thiamin was 
added to thiamin-deficient Propionibacterium pentosaceum there 
was a considerable lag period (120 mins.) in the commence- 
ment of anaerobic production of carbon dioxide from pyruvate. 
Addition of diphosphothiamin (co-carboxylase) under similar 
conditions cut the lag period to thirty minutes. Presumably 
the thiamin had to be converted to diphosphothiamin before 
becoming functional in anaerobic pyruvate metabolism 
(Silverman and Workman, 1939ft). An accumulation of 
pyruvic acid in aerobic glucose utilisation of thiamin-deficient 
organisms has been noted ; the addition of thiamin to the 
cells stimulated aerobic but not anaerobic glucose utilisation 
(Kligler, Grosso wicz and Bergner, 1943). 

For convenience of discussion the thiamin molecule is 
regarded as made up of two “ halves.” The pyrimidine half 
and the tliiazole half, numbered as indicated below. 



Pyrimidint Half Thiozole Half 


Micro-organisms can be divided into four groups according 
to their ability to synthesise thiamin : — 

(1) Those which synthesise thiamin from simpler con- 
stituents of the medium. 
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As more complete information is collected on the metabolism 
of pyrimidine-starved organisms and on the metabolic effects 
induced by added pyrimidines, functions additional to those 
of nucleoprotein synthesis may be allocated to these bases. 

Table 7 


Response of L. casei to various pyrimidines 



Concert- 

Effect of Pyrimidine in Various 
Media. Change of Acid Titre 
per cent. 

Substance 

tration, 
mg./ 10 ml. 

Unsupple- 

mented 

With 

thymine, 

1 pg /ml. 

With 
folic acid, 
•0014 

PS /ml. 

Thymine 

0 01 

+500 

0 

+20 

5-Methyl cytosine 

0 1 

+ 200 



6 -Methyl isocytosino 

02 

+ 300 

0 

+ 10 

5-Methyl-2, 4-diamino-pyri- 

1 0 

+300 

-20 

+20 

5 - Methyl - 2 - thio • 4 - 

0 05 

-30 

+ 10 

+ 10 

oxy-pymnidino 




6 - Methyl - 2, 4 - dithio- 

0 25 

+20 

—25 

0 

pyrimidine 





5 - Methyl - 2 - oxy - 4 - 

0 004 

+300 

+ 15 

0 

tlno-pyrimidine 





5 - Methyl - 2, 4-dioxy - 6 - 
immo-pyrimidme 

1 0 

-10 

0 

0 





5, G-Dimethyl-2, 4-dioxy- 

10 

0 

0 


pyrimidine 




+ 10 

2, 5-Dimethyl-4-oxy-pyri- 

10 

+30 

+ 10 

nn dine 





5-Hydroxy uracil 

1 0 

-50 

-70 


5 -Ammo uracil 

1 0 

-50 

—25 


5-Carbamido uracil . 

1-0 

-50 

-55 

0 

5-Chloro uracil 

1 0 

+45 

-93 

+20 

5-Bromo uracil 

0-2 

+20 

-40 

+ 15 

5-Iodo uracil 

1 0 

0 

-40 

-20 

5-Nitro uracil - 

0 2 

0 

-14 

-63 


From Hitchrags, Falco and Sherwood (1945). 


The special case of the enzymic function of the “ pyrimidine 
half” of thiamin (vitamin B x ) is treated separately. 


Thiamin ( vitamin or aneurin) 

Thiamin is an essential metabolite for bacteria, fungi, 
protozoa, plants and animals, and has been identified as a 
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structures be synthesised and utilised ? Insufficient information 
is available to give a definite answer ; in this, as in other 
similar cases, a study of the specificity requirements for 
coenzyme action in isolated enzyme systems would be in- 
structive. There are indications that in pea roots, at least, 


Table 8 

Effect of structure on availability of pyrimidines and of thiazoles 
as growth factors for Staph, aureus 


Pyrimidines 

Thiazoles 

^\_ R , 
General Structure N d! — R, 
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Jh, 
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R, 

Response 

CH, 

CH. 
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OH 
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NH, 

OH 

OH 

NH, 

CH..NH, 

CH*.OH 

CH..NH.CSH 

CH..NH, 

CH, CONH, 

CH,.NH, 

CH..OH 

CH, 

NH, 

H 

II 

H 

H 

H 

H 

H 

H 

II 

H 

CH, 

NH, 

H 

+ + + + 
+ + + + 
+ + 

H 

H 

H 

H 

H 

H 

CH, 

OH 

H 

H 

II 

CH, CH,.OH 
CH,.CH,OAc 
CH,.CHOH CH, 
CH, CH, CH,OH 
-CH = CH, 

CHOH CH, 
CH,.CH,OH 
CH,.CH,OAc 

CH, CH, 

CH, 

H 

+ + + + 

+ + + 

+ + 

+ + 

+ 


Somo plants and micro -organisms aro less exacting and can use some of 
tho compounds not available to S. aureus {Knight, 1045). Pyrimidines 
were tested in presence of excess of the “ thiazolo half" and vice 'versa, 
(Data from Knight and MeHwam, 1938). 


thiazole analogues may be functionally active, although thiamin 
itself is not synthesised *, in other words, a functionally-activo 
analoguo of thiamin may bo synthesised (Bonner and Buchman 
1938). 

Table 8 giving tho relation of structure to growth response 
docs not indicate fully tho extent of the response. In the 
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(2) Those which can synthesise thiamin if supplied with 

one “ half ” of the molecule. 

(3) Those which can synthesise thiamin only if supplied 

with both “ halves ” of the molecule. 

(4) Those which cannot synthesise thiamin even if supplied 

with both “ halves.” 

These four groups represent successive stages in loss of 
synthetic ability following upon the adoption of a parasitic 
existence. It must be remembered that this type of classifica- 
tion is a convenience rather than an actuality, and loss of 
synthetic ability is a finely-graded process capable of alteration 
in an altered environment. Certain gonococci may represent 
a fifth group with even less synthetic ability, since they are 
unable to utilise thiamin itself but require thiamin pyro- 
phosphate (co-carboxylase) preformed in the medium. Thiamin 
in this case even inhibits growth by competition with co- 
carboxylase (Lankford and Skaggs, 1946). Although many 
strains of micro-organisms have lost the ability to synthesise 
thiamin, none, so far as is known, has at the same time lost 
the need for thiamin as a component of its metabolic system. 

For growth of Staph, aureus, a mixture of the pyrimidine 
and thiazole “ halves ” can replace the intact molecule, and 
the organism must be presumed to possess an enzyme capable 
of uniting the two parts. Striking confirmation of the necessity 
of the complete molecule rather than the constituent parts for 
metabolic function is provided by a “ thiamin-less ” mutant 
of Ncurospora which has been found to be able to synthesise 
both “ halves ” but cannot dispense with thiamin because it 
is unable to join the two together (Tatum and Beadle, 1945 ; 
Tatum and Bell, 1946). Staph, aureus is capable of utilising 
some pyrimidines and tliiazoles closely related to the natural 
“ halves ” of thiamin as is indicated in Table 8. The response 
of certain protozoa to various pyrimidines and thiazoles is 
summarised by Lwoff (1947). 

The question naturally arises, does the micro-organism 
convert all the active analogues of the natural components to 
a common coenzyme, or can coenzymes of slightly different 
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metabolite for micro-organisms as well as for more liighly 
organised life. Where intracellular synthesis is inadequate or 
where synthetic capacity has been lost following upon a 
period of parasitic life, riboflavin acts as an essential growth 
factor or growth stimulant until capacity to synthesise the 
vitamin is recovered. Loss of synthetic capacity has been 
most frequently reported among haemolytic streptococci and 
lactic acid bacteria (Woolley and Hutchings, 1D40 ; Schuman 
and Farrell, 1941 ; Snell and Strong, 1939 a and b). Actual 
synthesis of riboflavin has been found in various fungi, moulds 
and bacteria, including Mycobacterium tuberculosis , Staph, 
aureus , Corynebacterium diphtherias, and Clostridium butyricum 
(Warburg and Christian, 1933 ; Boissevain, Drea and Schultz, 
1938 ; Evans, Handley and Happold, 1939 ; Peterson and 
Peterson, 1945 ; see also Knight, 1945). The extent of ribo- 
flavin synthesis is much influenced by the composition of the 
medium (Mayer and Rodbart, 1946). 

Although the enzymic function of riboflavin is fully 
recognised, there is little evidence available as yet of impair- 
ment of any one specific metabolic capacity in intact riboflavin- 
starved micro-organisms. This may be related to the tendency 
shown by the majority of micro-organisms to synthesise ribo- 
flavin when transferred to a riboflavin-free medium. Adler 
and Euler (1934) found that riboflavin stimulated the oxygen 
uptake of Tiboflavin-deficient lactic acid bacteria and that 
the additional oxygen uptake was not inhibited by cyanide, 
showing that it did not go through the cytochrome system. 
When Clostridium acetobutylicum was grown on an iron- 
deficient medium, riboflavin synthesis increased, suggesting 
that riboflavin was taking the place of an enzyme system 
dependent on iron (Tanner, Vojnovich and van Lanen, 1945 ; 
Hickey, 1945). 

Nutritional requirements for riboflavin aro dependent on 
the nature of the medium ; thus, propionic acid bacteria require 
riboflavin if grown on a medium with ammonium salts as 
source of nitrogen, but if grown on an amino acid medium no 
additional growth factor is required (Wood, Andersen and 
\\ erkman, 1938). Some strains of lactic acid bacteria when 



130 


THE BASIS OF CHEMOTHERAPY 


presence of the pyrimidine half, the two thiazoles 4-methyl-5- 
y-hydroxypropylthiazole and 4-methyl-5-^hydroxypropylthi- 
azole are very much less active than the “ natural ” thiazole 
4-me thyl -5 -/3-hydro xyethylthiazole . Two thiamin analogues 
isothiamin and chlorotliiamin (structures below) possessed 
about jpjjj, of the activity of thiamin for Staph, aureus 
(Knight and Hell wain, 1938). These results may be regarded 
as due to differences in the availability of the compounds for 
the synthesis of coenzymes or to the relative inactivity of the 
coenzymes which could be synthesised. The process may be 
carried one stage further ; an analogue can be synthesised 
which is not simply inactive but instead is actively growth 
inhibitory, either because it prevents synthesis of the natural 
coenzymes, or because it is inadvertently utilised by the 
organism to synthesise a coenzyme analogue which is an 
enzyme inhibitor. These points will be considered more 
fully (p. 219) in discussion of competitive inhibition as an 
explanation of the bacteriostatic action of the thiamin 
analogue pyri thiamin (Woolley and White, 19436). 


CNH 2 CH— 

II | || >C— CH 2 .CH 2 OH 

N G— CH, — N — C? 

\ C S [Cl] CH 3 

ch 3 

ISO-thiomin 


/ N v 

Cl C CNH, CH— S. 

S 1 * 

N C— CH,— N — 

\ c /- [Cl] CH, 

CH, 

CHLORO-thlamin 


\c— CH.-CH.OH 


Bibofiavin 

Riboflavin is a component of a number of enzyme systems, 
particularly those concerned with cellular oxidation (Chapter 
II). As might be expected, it has been found to be an essential 
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higher concentrations the compound acts as a growth inhibitor 
for Lactobacillicus casei. The significance of the data given 
above can be more fully appreciated and their chemo- 
therapeutic implications better elaborated, after a discussion 
of competitive inhibition in enzyme systems. 


Pyridoxin, pyridoxal , pyridoxamine 

Pyridoxin (vitamin B 6 ) was first recognised as an essential 
metabolite in animal nutrition, and later found to be essential 
for various strains of bacteria, moulds, fungi and plants. 
Snell (1942) found that some bacteria responded less readily to 
pyridoxin than to a compound formed by autoclaving pyridoxin 
with cystine and glycine. Later, after the synthesis of 
pyridoxin and various related compounds, he found that for 
some strains of Strep, lactis the derivatives pyridoxal and 
pyridoxamine were 5000 to 8000 times as effective as pyridoxin 


ch 2 oh 

CHO 

oh/Nch.oh 

°h/V' 

ChI J 

CH i\ J 



Pyridoxin 

Pyridoxal 


CH 8 .NH 2 


OHf 

Chi 


/* 


iCH,OH 


Pyridoxamine 


itself (Snell, 19446). All three compounds exist in various types 
of cells (Snell, 1945a) and can probably be intercon verted by 
most organisms. Why pyridoxal and pyridoxamine should be 
so much more active than pyridoxin for Strep, lactis has not 
been fully explained. With Lactobacillus casei, pyridoxal is 
about 1500 times as active as pyridoxin, and pyridoxamine 
only three to ten times as active. This difference, which can 
bo used to distinguish between the three compounds (Snell 
and Itanncfeld, 1945), may be duo to differences in enzymic 
requirements of different cells, or it may be a permeability' 
effect. Some micro-organisms, for example certain strains of 
lactic acid bacteria, grow well without added pyridoxin and 
have been shown to synthesise more than enough for their 
own requirements ; others, such as Lcuconostoc mcsentcroides 
and Staph albus, can grow slowly in absence of added pyridoxin 
but do not produce sufficient to allow maximal growth ; for 
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grown on an amino acid glucose medium require thiamin or 
riboflavin but not both (Wood, Geiger and Werkman, 1940). 

Various structural analogues of riboflavin have been 
tested for their ability to replace the vita min in bacterial 
or animal nutrition. Some, as indicated in Table 9, can 
replace the natural product to a limited extent, others have 


Table 9 

Activity of riboflavin analogues as growth promoters and 
as coenzymes in isolated systems 


Growth Response 

Lactobacillus 

caset 

Rat 

+ + + + 

+ + + + 

+ + 

+ -M- + 

+ 

+ + + + 

+ + + 

+ + + + 

± * 


± ’ 

+ 

± * 

+ 



± * 
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Inhibitor 

Inhibitor 



Inhibitor 



5 : 7-dimethyl-9 (l'd-ribityl) 
7-methyl*9 (I'd-nbityl) 
5-methyl-!) (l’d-ribityl) 
5-ethyl-7-methyl-9 ( 1 'd-nbityl) 

5 s 7-dimethyl-9 (l'd-arabityl) 

5 : 7-diraethyl-9 (I'l-arabityl) 

3 ethyl-7-methyl-9 (17-arabityl) 
3 : 7-dimethyl-9 (l'-sorbityl) 

> : 6-benzo-9 (I'd-ribityl) 

> • 6 dimethyl-9 (l'd-ribityl) 

> 7-dichloro-9 (l'd-ribityl) . 

3 : 7-dimethyl-9-galacto 


Coenzyme 
Function ir 
Cell-free 


Preparation 


+ + + + 
+ + + + 
+ + + 


* Positive response m presence of sub-optimal amounts of riboflavin. 
Data from : — Kuhn and Rudy (1936 a and b) , Kuhn, Vetter and Rzeppa 
(1937); Kuhn, Weygand and Moller (1943) ; Snell and Strong (19396) ; 
Moller (1940), Sarett (1946); Emerson, Wurtz and Jolinson (1945); 
Emerson nnd Tishler (1944). 


no activity, and others are actively growth-inhibitor}'. Activity 
can be related to some extent to coenzyme function, since- 
Kuhn has tested a number of structural analogues on an 
isolated enzyme system (Kuhn and Rudy, 19366 ; cf. Snell 
and Strong, 19396 ; M6ller, 1940). 

If the sugar residue of riboflavin is removed altogether and 
replaced by a methyl group as in G : 7 : 9-triraethylisoalloxazine, 
most of the growth-promoting activity disappears and at 



ESSENTIAL METABOLITES 


136 


Convincing evidence has now been provided showing that 
pyridoxal phosphate is an essential coenzyme for four bacterial 
decarboxylases which act on tyrosine, lysine, arginine and 
ornithine (Gale and Epps, 1944 ; Baddiley and Gale, 1945 ; 
Gale, 1946 ; Umbreit, Bellamy and Gunsalus, 1945 ; Karrer 
and Viscontini, 1947 a and b ; Gunsalus and Umbreit, 1947), 
The conditions necessary for production of the protein portion 
(apo-enzyme) of tyrosine decarboxylase have been investigated 
using pyridoxin-deficient media containing alanine (Bellamy 
and Gunsalus, 1945). The concentration in the medium of 
nicotinic acid, alanine, folic acid and purines, but not of 
thiamin, influenced the amount of apo-enzyme formed by the 
growing cells. 

The decarboxylases are by no means universal cellular 
enzymes, and are probably much less important from the 
point of view of fundamental intermediary metabolism than 
the transaminases. The suggestion that pyridoxal is involved 
in transamination came from the observation of Snell (1945c), 
that on heating together glutamic acid and pyridoxal the 
following reaction took place. The same type of reaction 
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CH 2 NH 2 COOH 
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occurred with other amino acids and pyridoxal or with keto 
acids and pyridoxnminc. Cell-free bacterial and animal extracts 
were found to catalyse transamination between certain 
amino and keto acids. The part played by pyridoxal in this 
reaction was confirmed by an examination of the effect of 
adding pyridoxal or pyridoxamine to pyridoxal-starved cultures 
of Strep, facalis. The starved cells, grown in the presence of 
excess alanine, were almost devoid of transaminase activity, 
but addition of pyridoxal resulted in a rapid development of 
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these organisms pyridoxin acts as a growth stimulant (Bohonos, 
Hutchings and Peterson, 1042 ; Vilter and Spies, 1940). 

As already indicated (Chapter II) pyridoxal has been found 
to be an essential component of enzymes concerned with 
amino acid decarboxylation and with transamination, and 
therefore with amino acid synthesis. These conclusions are 
amply confirmed by study of the metabolism of pyridoxin- 
or pyridoxal-starved cells and by the metabolic response 
induced by addition of these compounds. 

Strep, fcecdlis will grow in the absence of pyridoxin if 
sufficient alanine is present in the medium (Snell and Guirard, 
1943). The Z-isomer of alanine (that occurring in protein) was 
only about one-sixth as active as the d-isomer which may 
function as a precursor of pyridoxin as shown in the accom- 
panying scheme (Snell, 1945b ; Shive and Shave, 1946). 


OH O 
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a +! - 



d-atamne 


CHjOH 


HO j 

ch! 




iCH-OH 


hr 

pyridoxin 


Cells grown in the presence of excess alanine and sub-optimal 
amounts of pyridoxin provided useful material for the 
investigation of pyridoxin function and behaved as pyridoxin- 
starved cells. Their rate of glycolysis was normal and was not 
altered by addition of pyridoxin, but the rate of decarboxy- 
lation of tyrosine was very much below normal and was 
restored to normal by pyridoxal and, to a lesser extent, by 
pyridoxin. With Strep . lactis JR., for which pyridoxin had 
low growth-promoting activity, addition of pyridoxin to 
starved cells had little effect on tyrosine decarboxylase 
activity, while pyridoxal was highly active. In cultures which 
had been dried, pyridoxal was no longer effective, but full 
restoration of decarboxylase activity followed addition of 
pliosphorylated pyridoxal or pyridoxal plus adenosine triphos- 
phate (Gunsalus and Bellamy, 1944 a and b ; Gunsalus, 
Bellamy and Umbreit, 1944 ; Bellamy and Gunsalus, 1945). 
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requirements with respect to amino acids when pyridoxamine 
replaced pyridoxin in the medium (Stokes and Gunness, 
1945). In Neurospora, pyridoxal phosphate acts as coenzyme 
in the synthesis of tryptophan from indole and serine ; the 
enzyme catalysing the reaction has been prepared in a cell-free 
state (Umbreit, Wood and Gunsalus, 1946). In Escherichia 
coli the analogous reaction, transformation of tryptophan to 
indole plus pyruvic acid and ammonia, is catalysed by another 

Table 10 


Relation of structure of pyridoxin analogues to growth-promoting 
effect for Lactobacillus arabinosus 



Data from Bolionos, Hutchings and Peterson (1942). 


enzyme which also utilises pyridoxal phosphate as coenzymo 
(Wood, Gunsalus and Umbreit, 1947 ; see also p. 109). 
PjTidoxin also appears to bo associated with synthesis or 
utilisation of tlviamin (Stokes, Foster and Woodward, 1943). 

Structural analogues of pyridoxin show varying degrees 
of activity as indicated in Table 10. 

Pantothenic Acid 

Pantothenic acid was first recognised as a growth factor 
for yoast and animals, and was identified, after isolation 
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a glutamate-aspartate transaminase system. The nature of 
the system was fully confirmed by demonstration of the 
conversion of added pyridoxamine into pyridoxal phosphate 
and by the activation of a cell-free enzyme preparation by 
either pyridoxamine phosphate or pyridoxal phosphate 
(Lichstein, Gunsalus and Umbreit, 1945 ; Umbreit, O’Kane 
and Gunsalus, 1946 ; Schlenk and Fischer, 1947). 

The relative importance of the transaminase and de- 
carboxylase functions of pyridoxal is indicated by the 
observation that cells growing at almost their normal rate 
in a suboptimal concentration of pyridoxin showed greatly 
reduced decarboxylase activity, but little or no reduction in 
transaminase activity. Transamination was not reduced until 
the pyridoxin content of the medium was considerably lower, 
when growth itself was also decreased (Lichstein, Gunsalus and 
Umbreit, 1945; Cohen and Lichstein, 1945). This provides 
an excellent example of the way in which a less essential 
enzyme (decarboxylase) can be dispensed with so that 
metabolites may be spared for their more essential functions. 

There exists a close connection between pyridoxin 
requirements, carbon dioxide tension and amino acid 
requirements, which indicates that pyridoxin is involved in 
the synthesis of a number of amino acids through carbon 
dioxide fixation. At atmospheric carbon dioxide tension, 
Strep, hccmolyticus will not grow in absence of pyridoxin, but 
at higher carbon dioxide tensions pyridoxin is unnecessary 
(Pappenheimer and Hottle, 1940). In the presence of excess 
carbon dioxide, pyridoxin can replace phenylalanine, tyrosine 
or arginine in the nutrition of Lactobacillus arabinosus, but at 
atmospheric carbon dioxide tension the omission of any 
one of these amino acids results in decreased growth which 
is not restored by additional pyridoxin (Lyman, Moseley, 
Wood, Butler and Hale, 1947). A similar effect has been 
found with aspartic acid in Strep, f cecal is. Neither of these 
organisms possessed decarboxylases for the amino acids in 
question, so that growth must have been related to some 
reaction other than to decarboxylation. L. arabinosus, L. 
casei, and L. delbruckit all showed less exacting nutritional 
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free acid by the cells ; but addition of pantothenate to a 
cell-free yeast juice had no effect on the rate of glucose 
phosphorylation or fermentation (Teague and Williams, 1942). 

Pantothenic acid is widely distributed and frequently 
occurs in cells in a “ bound ” or insoluble form. Coenzyme A, 
a coenzyme of general occurrence has been found to contain 
pantothenic acid, and probably accounts for a large part of 
the “ bound ” pantothenic acid of cells. Coenzyme A is 
essential for enzymic acetylation of aromatic amines and for 
the acetylation of choline in brain (Lipmann, Kaplan, Novelli, 
Tuttle and Guirard, 1947). Pantothenic acid supplied to 
Lactobacillus arabinosus or Proteus morganii is converted into 
cocnzyme A and raises the rate of pyruvate oxidation in 
pantothenate -starved cells. In yeast also, added pantothenate 
is converted into coenzyme A and the uptake of pantothenate 
is accompanied by a greatly increased rate of acetate 
metabolism (Novelli and Lipmann, 1947 a and b). There 
is no doubt, therefore, that coenzyme A has a wide significance 
in metabolism, but the detail remains to be filled in. 

Added pantothenate is inactivated by various organisms 
during both aerobic and anaerobic carbohydrate metabolism 
(MoIIwain and Hughes, 1944, 1945). Inactivation is related 
to metabolism, but not to growth, in a way reminiscent of 
the usage of nicotinamide and the pliosphopyridine nucleotides 
during metabolism. This has been ascribed by Lwoff and by 
Morel to a “ wearing out ” of successive molecules of coenzyme 
in consequence of the continuous oxidation and reduction of 
its molecule (Lwoff and Lwoff, 19376 ; Morel, 1941). Panto- 
thenic acid has been implicated also as necessary for the 
synthesis of tryptophan by Staph . aureus (Sevag and Green, 
1944a). 

Beside the essential metabolites to which definite enzymic 
or structural functions can be assigned, a number of other 
organic compounds have been found essential for animals and 
for growth of various nutritionally-exacting micro-organisms. 
The most important of these arc biotin, p-aminobenzoic acid 
and folic acid. Tho functions of these substances have not yet 
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from liver, as a : y-dihydroxy-/3 : /3-dimethylbutyryl-/9-alanine 
(Williams, 1043). A few micro-organisms, for example Lacto • 


OH— CH 2 — C— CHOH— CO - 
CH a 

(pantoic acid half) 

PiUl 


-NH— CH 2 — CH 2 — COOH 


bacillus casei and certain exacting strains of Corynebacterium 
diphtheria, require the intact molecule and are unable to 
unite the two “ halves ” of the molecule if these are added to 
the medium (Evans, Handley and Happold, 1939 ; Evans, 
Happold and Handley, 1939 ; Happold, 1940). Other less 
exacting organisms, such as Strep. Jicemolyticus, can synthesise 
pantothenic acid if supplied with the component halves. 
Some strains of streptococci and Clostridium septicum have 
still greater synthetic powers and can synthesise the jS-alanine 
half if supplied with the pantoic acid half (Woolley, 1939 ; 
Ryan, Ballentine, Stolovy, Corson and Schneider, 1945). 
Non-exacting strains of Corynebacterium diphtheria: may fail 
to synthesise /3-alanine, but if supplied with this component 
can grow without pantothenic acid (Mueller and Cohen, 1937). 

These results are closely reminiscent of the varied capacities 
existing among different micro-organisms for the synthesis 
of the two halves of the thiamin molecule. As with other 
essential metabolites, variation of structure may produce 
either a compound with lower growth-promoting activity, or 
one which is completely inactive, or even a compound which 
is growth-inhibitory (Snell, 1946 ; see also Chapter V). 

Experiments on the effect of addition of pantothenic acid 
to “ starved ” organisms suggested that it might be concerned 
with pyruvate metabolism (Dorfman, Berkman and Ivoser, 
1942 ; Hills, 1943). With deficient organisms using pyruvate 
as substrate, both oxygen uptake and anaerobic utilisation 
of pyruvate were greatly stimulated by added pantothenate ; 
with glucose these effects were not apparent. Fermentation 
of pantothenate-deficient yeast cells was stimulated by added 
pantothenic acid and was accompanied by “ binding ” of the 
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free acid by the cells ; but addition of pantothenate to a 
cell-free yeast juice had no effect on the rate of glucose 
phosphorylation or fermentation (Teague and Williams, 1942). 

Pantothenic acid is widely distributed and frequently 
occurs in cells in a “ bound *' or insoluble form. Coenzyme A, 
a coenzyme of general occurrence has been found to contain 
pantothenic acid, and probably accounts for a large part of 
the “ bound ” pantothenic acid of cells. Coenzyme A is 
essential for enzymic acetylation of aromatic amines and for 
the acetylation of choline in brain (Lipmann, Kaplan, Novelli, 
Tuttle and Guirard, 1947). Pantothenic acid supplied to 
Lactobacillus arabinosus or Proteus morganii is converted into 
coenzyme A and raises the rate of pyruvate oxidation in 
pantothenate-starved cells. In yeast also, added pantothenate 
is converted into coenzyme A and the uptake of pantothenate 
is accompanied by a greatly increased rate of acetate 
metabolism (Novelli and Lipmann, 1947 a and 6). There 
is no doubt, therefore, that coenzyme A has a wide significance 
in metabolism, but the detail remains to be filled in. 

Added pantothenate is inactivated by various organisms 
during both aerobic and anaerobic carbohydrate metabolism 
(Mcllwain and Hughes, 1944, 1945). Inactivation is related 
to metabolism, but not to growth, in a way reminiscent of 
the usage of nicotinamido and the phosphopyridine nucleotides 
during metabolism. This has been ascribed by Lwofif and by 
Morel to a “ wearing out ” of successive molecules of coenzyme 
in consequence of the continuous oxidation and reduction of 
its molecule (Lwofif and Lwofif, 19376 ; Morel, 1941). Panto- 
thenic acid has been implicated also as necessary for the 
synthesis of tryptophan by Staph, aureus (Sevag and Green, 
1944a). 

Beside the essential metabolites to which definite enzymic 
or structural functions can be assigned, a number of other 
organic compounds have been found essential for animals and 
for growth of various nutritionally-exacting micro-organisms. 
The most important of these are biotin, p-aminobcnzoic acid 
and folic acid. Tho functions of these substances have not yet 
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been correlated with any isolated enzyme systems, but it is 
probable that they will all be implicated as essential for various 
enzymic reactions. 

Biotin 

Biotin was originally recognised as a growth factor for 
yeast, but has subsequently been found to be essential for 
various clostridia, streptococci, staphylococci, pneumococci, 
lactobacilli and brucella?. It is synthesised by other bacteria 
such as Mycobacterium tuberculosis, Escherichia coli and 
Bacillus anthracic (for full list see Knight, 1945 ; Peterson 
and Peterson, 1945). 

There is growing evidence for the metabolic function 
of biotin, du Vigneaud has suggested that it is involved in 
synthesis of some nitrogenous cellular material (Winder, 
Burk and du Vigneaud, 1944). Biotin-deficient yeast cells 
were found to respire and ferment glucose at rates from one- 
tenth to one-twentieth of normal biotin-rich cells. The 
addition of biotin alone to the deficient cells had no effect, 
but biotin and ammonia caused a gradual rise in fermentation 
rate, followed by an increase in respiratory rate, and finally 
by an increase in growth rate. Biotin and ammonia were 
removed from the medium by deficient cells, but only if glucose 
was present , ammonia was not essential to biotin uptake. 
Azide, which is known to inhibit biosynthesis, prevented 
ammonia uptake at low concentrations. 

Many lactic acid bacteria require both biotin and aspartic 
acid for growth and can be induced to grow without aspartic 
acid by increasing the biotin content of the medium 
(Stokes, Larsen and Gunness, 1947). Aspartic acid is not 
able to replace biotin for these organisms, so that biotin has 
probably some function other than promoting aspartic acid 
synthesis. The mechanism of the biotin-sparing action of 
aspartic acid is suggested by a report that oxaloacetic acid, 
a precursor of aspartic acid, also promoted growth of biotin- 
deficient lactobacilli. Synthesis of oxaloacetate by a number 
of heterotropliic organisms involves carbon dioxide fixation 
(see p. 77). Lardy, Potter and Elvchjem (1947) found that. 
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in a biotin-deficient medium, additional bicarbonate elicited 
no response, but that, in the presence of biotin, additional 
bicarbonate stimulated growth. The fixation of carbon 
dioxide in the form of oxaloacetate by carboxylation of 
pyruvate also seems to require biotin in yeast cells. In 
Escherichia coli, a-ketoglutaric acid or glutamic acid had a 
biotin-sparing effect when biotin synthesis was inhibited by 
imidazolidonecaproic acid (Fig. 15) (Shive and Rogers, 1947). 

Degradation products and structural analogues of biotin 
promote growth in some micro-organisms and may have 
growth-inhibitory effects on others. The compounds to be 
discussed are depicted and numbered in Fig. 15. 

Pimelic acid (II) is a growth factor for some strains of 
Corynebaclerium diphtheria, but can be replaced by lower 
concentrations of biotin. Such strains only lack the ability 
to synthesise the fatty acid, and if supplied with this can 
convert it to biotin. Desthiobiotin (V) had full biotin activity 
for some yeasts, but with the more exacting Lactobacillus 
casei, Lactobacillus arabinosus or Staph, aureus it not only 
failed to support growth but even acted as a growth inhibitor 
(Dittmer, Melville and du Vigncaud, 1944 ; Lilly and Leonian, 
1944). Neurospora and exacting X-ray “ mutants ” of 
Escherchia coZi or Penicilliujn notatum were able to use dosthio- 
biotin in place of biotin ; but a mutant of Penicillium 
chrysogenum was unable to utilise desthiobiotin, and synthesis 
and accumulation of desthiobiotin by this organism was demon- 
strated (Tatum, 19456). Biotin diamino acid (IV) had some 
growth-promoting activity for yeast, and this was dependent 
on the carbon dioxide partial pressure, as might be expected 
if carbon dioxido acts os a source of carbon to complete the 
ring (Burk and Winzler, 1943). Diaminopelargonic acid (III) 
had about 10 per cent, of the activity of biotin for yeast, 
but was inactive for other organisms. Imidazolidonecaproic 
acid (VII) was growth-inhibitory to L. casei and to yeast, 
whereas the lower liomologuc, imidnzolidonevaleric acid, was 
a poor growth factor for yeast and lmd no effect on L. casei. 
Diotin sulphono (VI) also possessed feeble growth-promoting 
activity for yeast, but was growth-inhibitory for L. casei 
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Fig. 15.— Biotrn Analogues. 



ESSENTIAL METABOLITES 143 

(Dittmer and du Vigneaud, 1944). Oxybiotin (VIII), the 
analogue in which the sulphur atom is replaced by oxygen, 
showed up to 50 per cent, of the growth-promoting activity of 
biotin for both yeast and L. casei (Pilgrim, Axelrod, Winnick 
and Hofmann, 1945 ; Rubin, Flower, Rosen and Drekter, 
1945). Evidently oxybiotin can be utilised by yeast without 
preliminary conversion to biotin, since yeast grown on 
oxybiotin was found to contain oxybiotin in place of biotin 
(Hofmann and Winnick, 1945 ; Axelrod, Flinn and Hofmann, 
1947). 

These results demonstrate effectively the narrow distinction 
between essential metabolites and metabolite analogues ; the 
latter may be classed as growth factors, growth-factor pre- 
cursors, or growth inhibitors according to the metabolic 
capacities of the organisms studied. We shall return to these 
and related examples when discussing the design of chemo- 
therapeutically-effective metabolite analogues in Chapter V. 

p-Aminobenzoic acid and folic acid 

p-Aminobenzoic acid (P.A.B.A.) was found to be a growth 
factor only after Woods (1940) had shown that it acted as a 
powerful and specific antagonist to sulphanilamide (Chapter V). 
On the basis of this finding Woods suggested that P.A.B.A. 
was an essential metabolite. 

The majority of micro-organisms are able to dispense with 
P.A.B.A. in their growth media ; some of these have been 
found to synthesise their own supply (Landy, Larkum and 
Oswald, 1943). A few bacteria, including some strains of 
Corynebaderium diphtheria, Clostridium acetobutylicum, Lacto- 
bacillus arabinosus and Acetobacter suboxidans, have been 
found to require an external supply of P.A.B.A. ( cf . Knight, 
1945 ; Sarett, 1947). 

One function of P.A.B.A. has been elucidated following tlio 
disclosure of the structure (see formula) of folic acid (pteroyl- 
glutamic acid) (Angier et ah, 1946; Mowat ct al., 1948). 
Various bacteria synthesise folic acid, and P.A.B.A. is required 
for this synthesis (Sarett, 1947). 

Discovery of the wide distribution of folic acid and 
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recognition of its biological importance represented the 
confluence of many diverse researches on bacterial growth 
factors and on animal nutrition (review by Pfiffner and 
Hogan, 1 946). V arious forms of pteroylglutamic acid have been 
identified in which more than one molecule of glutamic acid is 
present ; pteroyltriglutamate and pteroylheptaglutamate have 
been isolated from yeast (Pfiffner, Calkins, Bloom and O’Dell, 



Pteroyigiutamic acid ( folic acid) 


1946). These forms have been identified with one or other 
of the nutritional factors — vitamin B c , vitamin B c conjugate, 
yeast L. casei factor, liver L. casei factor, etc. The different- 
sized peptides show varying relative activities with micro- 
organisms, probably because some cells can degrade the 
larger peptides easily, whereas others are unable to do so. 
A carboxy-peptidase type of enzyme which can degrade 
pteroylheptaglutamate to pteroylmonoglutamate has been 
identified in animals and in yeast (c f. Hutchings et al., 1948). 

Some micro-organisms require folic acid and are unable 
to synthesise it for themselves (Daniel, Norris, Scott and 
Heuser, 1947), others synthesise their own requirements. 
PA.B.A. is an essential growth factor for L. arabinosus. 
Growth of L. arabinosus in the presence of P.A.B.A. is 
accompanied by the synthesis of pteroylglutamic acid, but 
pteroylglutamic acid can replace P.A.B.A. only to a very 
limited extent (Sarett, 1947). This suggests that P.A.B.A. 
has other functions in the organism besides the synthesis of 
pteroylglutamic acid. 

With an essential metabolite of the molecular complexity 
of folic acid, the full detail of its structural specificity will 
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take some time to work out, but it is already apparent that 
some pteroylglutamie acid analogues possess limited growth- 
promoting properties and that others are growth inhibitory. 
N-(4-(4-quinazoline)-aminobenzoyl)-glutamic acid has from 
one-tenth to one-hundredth of the activity of folic acid for 
Lactobacillus casei (Martin, Moss and Avakian, 1947). Several 
2 : 4-diaminopterins (for numbering see formula) inhibit 
growth of Strep, fcecalis and L. casei which require preformed 
folic acid, and also L. arabinosus, Escherichia coli and Staph, 
aureus which synthesise their own supply (Daniel, Norris, 
Scott and Heuser, 1947 ; Daniel and Norris, 1947). A full 
discussion of the relationship between P.A.B.A., folic acid, 
sulphonamides and other inliibitors of folic acid synthesis is 
deferred until Chapter V. There is considerable ovidence of a 
relationship between folic acid, purine and pyrimidine synthesis, 
but more information will have to be collected before the 
position becomes clear (see pp. 203-213). One hint of a 
possible coenzyme function for folic acid is provided by the 
report that 7-methylfolic acid acts as an inhibitor of “ dopa ” 
decarboxylase and that inhibition is reversed by folic acid 
(Martin and Beiler, 1947). 


Conclusion 

Substances probably act as growth inhibitors because they 
are in one way or another enzyme inhibitors. The classification 
of a compound as an essential metabolite, is equivalent to 
saying that it is a constituent part of some enzymic system 
within tho cell, and that enzymes must exist which are 
specifically designed to “ fit ” the particular chemical arrange- 
ment characteristic of the metabolite. If the enzyme is 
presented with a compound of closely related structure which 
can “ fit ” it the same way, but which is nevertheless in some 
other respect unusable for the functions normally performed 
by tho metabolite, then the metabolite analogue may act as 
a growth inhibitor. The most important groups of metabolite 
analogues from tho chemotherapeutic point of view are 
discussed more conveniently after a general review of the 
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characteristics of enzyme inhibition and of the possible ways 
in which various types of enzyme inhibition may differ. 

It should be kept in mind that not only coenzyme or pros- 
thetic group analogues may function in this way. Any mole- 
cule whether organic or inorganic, may resemble a functional 
metabolite in such a way that it is caught up in the overall 
catabolism and anabolism of the living cell, and may form 
in some metabolic chain a non-functional break which will 
upset the finely balanced processes of life and lead to death 
or to failure of reproduction. 

We have on several occasions drawn attention to the 
capacity of an organism to dispense with what are apparently 
essential growth factors when placed in different media. 
This capacity should be kept in mind when considering tho 
mode of action of chemotherapeutic drugs. Pathogenic 
organisms in their natural state, as parasites on the tissues of 
a host, can draw upon a multitude of nutrilites, and tho growth- 
inhibitory action of a drug may be overcome by a shift in 
metabolic balance which eliminates the strain’s need for 
the drug-sensitive enzyme system. Such an altered balance 
may not be possible in a limited synthetic medium so that a 
drug effective in vitro may be useless in vivo, or rapidly 
rendered useless by the development of drug resistance. 
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ENZYME INHIBITION 

We have attempted to build up a composite, but admittedly 
incomplete, picture of intermediary metabolism of living cells, 
particularly of bacterial cells as shown by their nutritive 
requirements. Examination of this picture may help in 
elucidating the mode of action of known chemotherapeutic 
drugs and in developing now ones. First, it is essential to deal 
briefly with the kinetics of enzymic reactions and also to study 
more fully the subject of enzyme inhibition, so that we can 
distinguish between the various types of inhibition known to 
occur. 

Enzyme kinetics 

The velocity of enzyme-catalysed reactions follows certain 
general rules which may be applied to most enzymes. At 
controlled pH and temperature, the velocity is constant during 
the early part of the reaction, but subsequently declines 
progressively with timo due to exhaustion of substrate, 
accumulation of end-products and other causes. Unless 
otherwise stated, the velocity of enzymic reactions is always 
measured during this initial period when it is constant. 

Each enzyme has a certain optimal pH at which it reacts 
most rapidly with a particular substrate. Thero is also usually 
nil optimal temperature for each enzyme, above which heat- 
inactivation of the enzyme plays a part in determining the 
reaction velocity. With low substrato concentrations, velocity 
is proportional to both enzyrao and substrate concentration, 
but with increasing substrate concentration a maximal velocity 
is reached which is no longer dependent on substrate con- 
centration, being proportional only to enzyme concentration 
(Fig. 16 ). Enzymic reactions arc reversible. ; tlio effect of 
enzymes, liko all catalysts, is to speed the attainment of 
equilibrium but not to alter the position of equilibrium. 
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Theoretically, enzymic reactions should conform to the law of 
mass action, with velocity proportional only to substrate 
concentration. We have already seen that this is not the 
case, and Fig. 16 shows a comparison between the velocities 
of two reactions, one enzymic and one following the law of 
mass action. This discrepancy was first explained satis- 



Fig 16. — Effect of substrate concentration on reaction velocity; enzymic 
and non-enzymic reactions. 

factorily by Michaelis and Menten (1913), who assumed that 
enzyme and substrate combine reversibly to form an. inter- 
mediate complex. 'Applying the law of mass action to this 
rcversiblo reaction, they obtained an equation, known as the 
Michaelis -Menten equation, for variation of speed of reaction 
with substrate and enzyme concentrations. This equation 
provides both adequate explanation of much experimental 




ENZYME INHIBITION 


149 


data, and useful constants for the characterisation of individual 
enzymes. 

The derivation of the Michaelis-Menten equation can be 
explained by reference to the enzyme saccharase as an 
example ; this catalyses the following overall reaction : — 


Sucrose 



SACCHARASE 


Glucose 

+ 

Fructose 


According to the Michaelis theory, the reaction proceeds in 
two stages : (a) one molecule of sucrose and ono of water 
combine with one molecule of enzyme to form a complex in 
equilibrium, according to the law of mass action, with its 
constituents ; 





SACCHARASE 

i! 

j + X 

4- 

SACCHARASE 


Sucrose 

H.O 


-(«) 


(6) the intermediate complex splits to form the reaction products 
glucoso and fructose, and unchanged enzyme. The assumption 
^Sucrose 
'H a O 

is made that the rato of reaction, at any time, is governed 
by the concentration of the enzyme-substrato complex, since 
the rate of formation of this complex (reaction a) is very 
much more rapid than that of its decomposition into reaction 
products (reaction b). Thus the concentration of complex 
may bo obtained by applying the law of mass action to reaction 
(a) alono. 

The reaction proceeds in aqueous solution, thus the con- 
centration of water is infinito in comparison to that of the 
other reactants and can bo neglected. 

Reaction (a) may thereforo bo represented as 

Sucrose + Enzyme + Enzyme — Sucrose 

S (e-p) p 

Let S = concentration of sucroso 

c = concentration of total enzyme 
V = concentration of enzyme-sucrose complex 
t—p = concentration of free enzyme. 


SACCHARASE 


Glucose 

I + _ + ~(b) 

Fructose 
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By the law of mass action, the velocity (t? l ) of formation of 
enzyme-sucrose complex is proportional to the product of the 
concentration of reactants, t.e. v t — K 1 S(e— jp) where Kj is a 
constant. At equilibrium, this is equal to the rate r 2 of the 
reverse reaction, where w 2 = K 2 p, 


= v z and K x (e— p)S = K-p 


eS-pS=g?p 


Whence p(K 4 +S) = eS 
, cS 

and *=k^s 


— K ,p, where K, = ^ 
^•1 


. (i) 


Now p is the concentration of enzyme-substrate complex, 
which is assumed to govern the overall velocity V of the 
hydrolytic reaction. 

In other words, V = cp (where c — constant) . . (2) 

Substituting for p in equation (1) 


V 


ccS 

K,+S 


• (3) 


5 i + 1 


Then V approaches a maximum value, Vmax, as S approaches 
infinity and Vmax — ce. 

Whence, substituting for Vmax in (3) 


V = 


V ro axS 

k7+b 


. (4) 


This is the original form of the Michaelis-Menten equation ; 
it can also be written as 

K, = . . . (5) 


(For less simplified derivation of this equation, see Hellerman, 
Lindsay and Bovarnick, 1946). 
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K, (the dissociation constant of the enzyme-substrate 
complex) is known as the Michaelis constant ; it represents 
an important constant which is independent of enzyme and 
substrate concentration and is characteristic of each enzyme. 
K, may he considered to represent a measure of the affinity 
of an enzyme for its substrate. When V = iVmax, = S ; 
that is, K s is numerically equal to substrate concentration 
when the velocity is half the maximum value (see Fig. 1G). 

An accurate knowledge of K, and Vmax arc essential in 
characterising an enzyme. They could, of course, be obtained 
from equation (5) by plotting velocity against substrate 
concentration as in Tig. 1G. A less laborious and more 
accurate method suggested by Lineweaver and Burke (1934) 
is to plot the reciprocals of velocity and substrate concentration 
and so obtain a straight line whose equation (G) is derived 
from equation (4). 

1 _ K,+S 

V VmaxS 

1 K, 1 . 1 ... 

l,fi * V V ro «; • S + Vmax * • ' {) 

The slope of this line is while its intercept on the 

V nmx 

r ; axis is equal to ^ (see Fig. 17). 

V V max 

The above theory and the formula! derived from its 
application have proved adequate to cover the kinetic data for 
many enzymic reactions ; Steam (1938) concludes that the 
Michaelis constant may possess real thermodynamic signifi- 
cance. Howover, as might be expected from the enormous 
variety of enzymic reactions, not every case will fit into the 
mould prepared by Michaelis and Men ten. Various explana- 
tions have been put forward to explain these anomalies 
(Wilson, 1939). Briggs and Haldane (1925) pointed out that 
the assumption is not always justified that formation of the 
intermediate enzyme-substrate complex is infinitely rapid 
compared to its rate of decomposition into enzyme and 
reaction products ; in certain cases rate of formation of the 
complex might be limited by the number of collisions in the 
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bl-mo!ecular reaction Enzyme-f-Substrate-> Complex. The 
application of chain reaction theory has led to an expression 
derived by Moelwyn-Hughes {1933, 1937, 1940) for velocity 
of reaction ; Medwedew (1937) replaced the intermediate 



S 

Fio. 17. — Variation of reciprocal of velocity (1/V) of enzymic reaction irith 
reciprocal of substrate concentration (1/S) (Enables Vn>m, maximum 
velocity, and Iv„ dissociation constant of enzyme-substrate complex, 
to bo calculated graphically.) 

complex theory by one based on quantum mechanics in which 
there is no formation of a definite complex between enzyme 
and substrate ; Stearn (1938) applied quantum mechanics to 
enzyme-substrate complex. Each of these theories explains 
some anomaly in the kinetics of certain enzyme reactions, but 
they all (including that of Michaelis and Menten) predict 
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equally satisfactorily the same set of experimental data 
(e.g. Tig. 16) derived from the more common enzymic reactions. 
Therefore one must conclude that, in this field, agreement 
between experimental and predicted data does not constitute 
proof of a theory. For most practical purposes, the Michaelis- 
Menten theory and equations may be used to derive char- 
acteristic enzyme constants, and as we shall see later, also 
provide explanations of the phenomena of enzyme inhibition. 

Enzyme-substrate complex 

The question of the reality of existence of an enzyme- 
substrate complex is of importance in connection with the 
phenomena of enzyme inhibition as well as in the derivation 


1 

3 PEROXIDASE Sj 

CO 

<o 

o 


h 4 o 2 peroxidase 

561 

530 5 


Fio. 18. — Positions of absorption bands of peroxidase and H,O a -peroxidase 
compound. (Keilin and Mann, 1937 ) 


of the velocity constants of enzymic reactions. Direct evidence 
lias been difficult to obtain because of the extremely short 
life of the complex, but work with peroxidase has shown that, 
in the case of this enzyme at any rate, a definite complex is 
formed (Keilin and Mann, 1937). Peroxidase is a heematin- 
containing enzyme which decomposes hydrogen peroxide in 
the presenco of an oxfdisablc compound to which it transfers 
one atom of oxygen. Its spectrum conforms to that of an 
iron-porphyrin compound in the ferric state with absorption 
bands at C45 mp, 583 mp, 548 mp, and 498 mp. On addition 
of hydrogen peroxido to a strong solution of peroxidase, the 
original brown colour of the solution is changed to a clear red 
and the four-handed absorption spectrum is replaced bj' two 
bands at 561 and 530-5 nip. (Fig. 18). The amount of peroxide 
necessary to effect such a chango corresponds to one molecule 
per atom of porphyrin iron. In the absence of an oxygen 
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acceptor the two-banded form of peroxidase is fairly stable, 
but on addition of pyrogallol the four-banded spectrum 
immediately reappears. The evidence suggests that enzyme 
and substrate are here combining to form a compound whose 
spectrum differs from that of the free enzyme. 

This work has been extended by Chance (1943) using 
leuco-malachite green as an oxygen acceptor. A photo-electric 


H,Oj 

+ 


Lcuco-malackiic green . 


PEROXIDASE 


, 2H,0 

-f- 

Alo/och/te green 


recording device measuring rapid changes in absorption at 
suitable wave lengths enabled the velocity of formation and 
dissociation of the peroxidase-H 2 0 2 complex to be determined. 
These velocities were found to follow bi-molecular reaction 
laws ; complex formation was extremely rapid, while the 
reverse reaction was relatively slow. The rate-determining 
step of the overall reaction was a much slower monomolecular 
decomposition of the complex into enzyme and reaction 
products. These experiments provide proof of the two main 
assumptions on which Michaelis based his theory, namely 
formation of enzyme-substrate complex, and the dependence 
of rate of reaction on speed of decomposition, not of formation, 
of this complex. It would appear then that for our purpose, 
the Michaelis treatment of enzyme kinetics is adequate. 

The prosthetic groups of some enzymes are sufficiently 
firmly bound to the protein portion of the molecule to be 
regarded as part of the complete enzjnne as in the case of 
peroxidase. In other enzymes, such as the pyridine nucleotide 
dehydrogenases, the prosthetic group is easily dissociated 
and is usually referred to as a coenzyme. In such cases, the 
coenzymc can be regarded as a second substrate undergoing 
reversible combination with the protein molecule, and its 
reactions are therefore subject to the same kinetic treatment 
as the enzyme-substrate complex itself. 


Non-specific enzyme inhibition ; “ SII inhibition ” 

Enzymes are generally assumed to combine with their 
substrates by means of their “ active centres ” or “ active 
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groups.” Li ttle is known about the nature of these active 
centres, but it is likely that they are responsible for the highly 
specific effect of each enzyme. For the purpose of visualising 
the combination of enzyme with its substrate, the lock and key 
theory propounded by Fischer (1894) is still of value, since it 
emphasises that the configuration of both enzyme and sub- 
strate must conform to a certain pattern. This is well 
' illustrated by the work of Bergmann and his school on proteo- 
lytic enzymes and the optical configuration of their substrates. 
Certain of these enzymes, such as carboxypeptidase, are 
incapable of hydrolysing synthetic peptides whose terminal 
amino acids are of the d - configuration , although the Z-antipodes 
are oxtremely sensitive to action of the enzyme (Stahmann, 
Fruton and Bergmann, 1946). 

It is reasonable to conclude that any substance which 
reacts with an essential group at the active centre of the 
enzyme, will inhibit by rendering the enzyme incapable of 
combining with or activating its substrate. As we shall see, 
this inhibitory effect is not confined to substances reacting 
only with the active centre, and it is probable that certain 
other groupings in the enzyme are also essential for mainten- 
ance of activity. Langenbeck (1935), from a study of the 
catalytic properties of certain synthetic organic compounds, 
suggested that a distinction should be drawn between the 
active centre at which substrates react and the surrounding 
groups in the molecule which may have an activating effect 
on the active centre. Such a concept is also useful in the 
caso of enzymic catalysis, and should be borne in mind in the 
ensuing description of enzyme inhibition. 

Any substanco which causes irreversible denaturation of 
proteins in general will act as a non-specific enzyme poison, 
and is of no interest either for theoretical consideration of 
enzyme inhibition or as a chemotherapeutic drug. On tho 
other hand, selective reagents which react with free carboxyl, 
hydroxyl, amino and sulphydryl groups of proteins should 
yield valuable information as to tho nature of essential groups, 
provided pure enzymes arc employed. Careful choice of reagent 
may result in blocking or alteration of one or more of certain 
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reactive groups of an enzyme without affecting other groups. 
For example, the use of nitrous acid and ketene, which react 
with amino and aromatic hydroxy groups, has shown that free 
amino groups are not essential for activity of /3-amylase, 
pepsin or chymotrypsin, but that free tyrosine hydroxy 
groups are essential (Weill and Caldwell, 1945 ; Philpot and 
Small, 1938 ; Herriott and Northrop, 1934 ; Herriott, 1935, 
1936 ; Sizer, 1945). Free amino groups have, however, been 
found necessary' for activity of pancreatic amylase and alkaline 
phosphatase (Little and Caldwell, 1943 ; Gould, 1944). Iodine 
has also been used to demonstrate the essential nature of free 
tyrosine hydroxyl radicals in pepsin ; Li (1945) found that 
out of the total 17 tyrosine residues present in the molecule, 
only 12 were free to react with iodine. 

Selective attack or blocking has yielded the most fruitful 
results in the case of sulphydryl groups, wliich have been 
thus found essential for activity of many enzymes. Sulphydryl 
groups are higlily reactive, combining with a variety of reagents, 
and are also susceptible to oxidation by mild oxidising agents. 
This reactivity is illustrated by the case of the amino acid 
cysteine, wliich is a main source of sulphydryl groups in 
proteins. In air, solutions of cysteine are rapidly oxidised in 
the presence of catalytic amounts of metals, but are stable in 
the complete absence of metals. The product of oxidation is 
cystine, the corresponding disulphide derivative ; reducing 
agents reverse the reaction, and free sulphydryl groups are 
regenerated. 

2[SH.CH 2 CH(Nh')".COOH]+J( 0 2 ) (metal catalysis) 

COOH.CH(NH 2 ).CH. S— S CH. CH(NH.).C00H+H,0 
Cystine 

Many enzymes have been known for some time to be 
susceptible to the action of mild oxidising and reducing agents 
(see review by Hellerman, 1937), but the earlier reports 
related only to crude enzyme preparations and led to no 
acceptable theory for the mechanism of tliis effect. However, 
in 1933, Hellerman observed that highly purified crystalline 
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urease was extremely easily inactivated in air by catalytic 
traces of heavy metals in the solution ; iodine-iodide mixtures 
had a similar effect. Both inactivations could be reversed by 
reducing agents. Working by analogy with cysteine, he 
suggested that these inactivations of urease were due to 
oxidation of sulphydryl groups essential for enzyme activity 
(Hellcrman, Perkins and Clark, 1933). The change may 
be represented as follows : — 

✓$H / S 

Enzyme -f- $(0 2 ) -> Enzyme + H a O 


This suggestion explained earlier observations of numerous 
investigators on the inactivation of urease by salts or ions of 
heavy metals, since the reactive sulphydryl groups could 
combine readily with metallic ions to form mercaptide 
linkages. This inactivation might be reversed by an excess 


/ SH 

En 2 yme <; + HgCL 

\SH 


/ 


Enzyme <^Hg + H 2 S 


/| 

Enzyme S Hg -f- 2HCI 


y SH 

Enzyme f 4” HgS 

\SH 


of some substance capable of forming a less dissociable or an 
insolublo compound with the metal. Such conditions occur 
in the long-known reactivation of urease by cyanide or 
hydrogen sulphide. The activating effect of reducing agents 
on the plant pr'oteolytic enzyme papain was also explained 
in 1933 by Bersin as a reduction of — S — S-linkages to the 
sulphydryl form. In confirmation of this, he found that 
papain was inhibited by trivalent organic arsenical compounds, 
the inhibition being reversed by glutathione (Bersin, 1933; 
Bersin and Logemann, 1933). 

Since this preliminary work, the activity of numerous 
enzymes has been shown by many investigators to be dependent 
on free sulphydryl groups, and the term “ SH enzymes ” is now 
widely applied to any such enzyme (see Barron, 1943, and 
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reactive groups of an enzyme without affecting other groups. 
For example, the use of nitrous acid and ketene, which react 
with amino and aromatic hydroxy groups, has shown that free 
amino groups are not essential for activity of 0-amylase, 
pepsin or chymotrypsin, but that free tyrosine hydroxy 
groups are essential (Weill and Caldwell, 1945 ; Plulpot and 
Small, 1938 ; Herriott and Northrop, 1934 ; Herriott, 1935, 
1936 ; Sizer, 1945). Free amino groups have, however, been 
found necessary for activity of pancreatic amylase and alkaline 
phosphatase (Little and Caldwell, 1943 ; Gould, 1944). Iodine 
has also been used to demonstrate the essential nature of free 
tyrosine hydroxyl radicals in pepsin ; Li (1945) found that 
out of the total 17 tyrosine residues present in tho molecule, 
only 12 were free to Teact with iodine. 

Selective attack or blocking has yielded the most fruitful 
results in the case of sulphydryl groups, which have been 
thus found essential for activity of many enzymes. Sulphydryl 
groups are highly reactive, combining with a variety of reagents, 
and are also susceptible to oxidation by mild oxidising agents. 
This reactivity is illustrated by the case of the amino acid 
cysteine, which is a main source of sulphydryl groups in 
proteins. In air, solutions of cysteine are rapidly oxidised in 
the presence of catalytic amounts of metals, but arc stable in 
the complete absence of metals. The product of oxidation is 
cystine, the corresponding disulphide derivative ; reducing 
agents reverse the reaction, and free sulphydryl groups are 
regenerated. 

2[SH.CH a .CH(NH.).CO0H]+j(O.) (melal catal )' sls ) 

COOH.CH(NH a ) CH, S— S.CH, CH(NH.).COOH+H,0 

Cystine 

Many enzymes have been known for some time to be 
susceptible to the action of mild oxidising and reducing agents 
(see review by Hellerman, 1937), but tho earlier reports 
related only to crude enzyme preparations and led to no 
acceptable theory for the mechanism of this effect. However, 
in 1933 Hellerman observed that highly purified crystalline 
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urease was extremely easily inactivated in air by catalytic 
traces of heavy metals in the solution ; iodine-iodide mixtures 
had a similar effect. Both inactivations could bo reversed by 
reducing agents. Working by analogy with cysteine, lie 
suggested that these inactivations of urease were duo to 
oxidation of sulphydryl groups essential for enzyme activity 
(Hellerman, Perkins and Clark, 1933). The change may 
be represented as follows : — 


ySn 

Enzyme ( 

\SH 


+ i(O t > 


Enzyme 


4 


+ H a O 


This suggestion explained earlier observations of numerous 
investigators on the inactivation of urease by salts or ions of 
heavy metals, since the reactive sulphydryl groups could 
combine readily with metallic ions to form mercaptide 
linkages. This inactivation might be reversed by an excess 


/SH 

Enzyme < -f HgCL 

X SH 


Enzyme 



/] 

Enzyme Hg + H Z S 


/SH 

Enzyme / -f- HgS 

\SH 


of some substance capable of forming a less dissociable or an 
insoluble compound with the metal. Such conditions occur 
in the long-known reactivation of urease by cyanide or 
hydrogen sulphide. The activating effect of reducing agents 
on the plant proteolytic enzyme papain was also explained 
in 1933 by Bersin as a reduction of — S — S-linkages to the 
sulphydryl form. In confirmation of this, he found that 
papain was inhibited by trivalent organic arsenical compounds, 
tho inhibition being reversed by glutathione (Bersin, 1933 ; 
Bersin and Logemann, 1933). 

Since this preliminary work, the activity of numerous 
enzymes has been shown by many investigators to be dependent 
on free sulphydryl groups, and the term “ SH enzymes ” is now 
widely applied to any such enzyme (see Barron, 1943, and 
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Barron and Singer, 1945 a and 6, for list of such enzymes). 
Many reagents are employed to detect essential sulphydryl 
groups, among which, the most active and specific arc the 
organic mercaptide-forming reagents such as p-chloromercuri- 
benzoate (introduced by Hellerman) and the trivalenl 
arsenoxides. Mild oxidising agents like porphyrindin, ferri- 
cyanide and o-iodosobenzoate, when acting under carefully 
controlled conditions, may also be used to attack sulphydryl 
groups specifically. The inactivation caused by both mer- 
captide-forming reagents and oxidising agents is reversed by 
low molecular weight thiols such as cysteine or glutathione; 
this reversal should always be included as a further diagnostic 
test for “ SH enzymes.” Alkylating agents such as iodoaeetate, 
iodoacetamide and bromoacetate were frequently used by 
earlier investigators in tests for “ SH enzymes.” Iodoaeetate 
was shown by Dickens (1933) to react stoichiometrically with 
sulphydryl-containing compounds such as glutathione, and it 
is now generally believed to react with sulphydryl groups of 
proteins by alkylation. This reaction is, however, irreversible 
and not entirely specific to sulphydryl groups. 

Enzyme-SH + ICH.COOH ► Enzyme-S-CH,COOH + HI 

Not all enzymes now known to require sulphydryl groups 
for activity are equally easily inactivated by iodoaeetate or 
oxidising agents. Thus, iodoaeetate at low concentrations 
(M/3000) is known to be an extremely potent inhibitor of 
yeast fermentation by reason of a specific inhibition of alcohol 
dehydrogenase (Dixon, 1937). Many other enzymes concerned 
in alcoholic fermentation are “ SH enzymes ” (see Barron, 
1943), but none are inhibited by this concentration of iodo- 
acetate. This must be due to differences in reactivity of 
sulphydryl groups caused by the configurations of the different 
enzymic proteins This variation in reactivity is illustrated 
in the case of papain and urease. Papain is inactivated by 
iodoaeetate, yet only one out of the total of 10 sulphydryl 
groups is alkylated by this reagent (Balls and Linoweaver, 
1939). On the other hand, when crystalline urease was 
treated with one mole of jp-chloromercuribenzoatc per 21,300 g. 
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of enzyme no loss in activity occurred, but a second mole of 
reagent produced loss in activity, although only 2 out of a 
total of 5 sulphydryl groups were then combined ; the 
remaining 3 sulphydryl groups could only bo attacked after 
denaturation of the protein (Hellerman, Chinard and Deitz, 
1943). Urease is not inactivated by porphyrindin, yet onco 
oxidised by this reagent, it only requires one mole of p- 
chloromercuribenzoate for inactivation. These experiments 
suggest that urease contains 3 types of sulphydryl groups : 
a freely reactive one which is not essential for activity, another 
which is less reactive but essential for activity, while the third 
type is not free to react in the native protein and is only 
uncovered during the unfolding of the protein chains, which 
accompanies denaturation. Great differences occur in tho 
susceptibihty of various SH-enzymes to arsenical compounds. 
The war gas lewisite, C1.CH=CH. AsCl 2 , was found to bo 
highly toxic for most SH-onzymes tested ; organic tri valent 
arsenical drugs were less toxic, and arsenites wore least effective. 
Three SH-enzymes were, however, almost unaffected by 
lewisite (Barron et ah, 1947). 

The actual role played by sulphydryl groups in enzymes 
is still unknown ; in several cases, however, there is evidence 
that they do occur at the active centre of the enzyme. Thus, 
succinic dehydrogenase is not inhibited by “ SH inhibitors ” 
if succinic or malonic acid is already present (Hopkins, Morgan 
and Lutwak-Mann, 1938 ; Potter and DuBois, 1943 ; Barron 
and Singer, 1945a). Phosphoglyceraldehyde dehydrogenase is 
protected to some extent by its coenzyme (diphosphopyridino 
nucleotide) from inhibition by “ SH inhibitors ” (Rapkine, 
1938), while the inhibition of d-amino acid oxidase by p- 
chloromercuribenzoate is partly prevented by the presence of 
excess of its coenzyme (flavin adenine dinucleotide) (Hellerman, 
Lindsay and Bovarnick, 1946). In these cases, combination 
of the enzyme with either coenzyme, substrate, or substrate- 
analogue evidently reduced access of inhibitor to sulphydryl 
groups, and it is probable that here sulphydryl groups arc 
playing an essential part in the formation of enzyme-substrate 
complex. 
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Whatever the role played by sulphydryl groups, it is 
evidently an important one for maintenance of enzymes in an 
active state. Glutathione can effect complete reversal of 
inactivation by p-chloromercuribenzoate only if it is added 
within ten to fifteen minutes after addition of the mercurial 
to the enzyme. After this time, reversal is not complete, the 
degree of reversal being decreased with increasing time interval 
between addition of inhibitor and antidote (Barron and Singer, 
1945a). 

With the realisation of the importance and widespread 
nature of enzymes depending for activity on sulphydryl 
groups, it is reasonable to assume that an} 7 substance capable 
of reacting with such groups may be a potential enzyme 
inhibitor. Conversely, any substance with chemotherapeutic 
activity possessing the capacity to link with reactive hydrogen 
may act by addition to certain sulphydryl groups of enzymes. 
Metal oxides or metal ions, quinones, ketones, acids or nitriles 
with a : /3-unsaturation might be expected to act in this way. 
Their selective action, whereby some “ SH enzymes ” are 
inhibited by certain reagents and others are not, is probably 
due to differences in accessibility of the essential sulphydryl 
groups of various enzymes. 

Specific inhibition ; competitive and non-competitive 

So far we have dealt with types of inliibition which are 
relatively non-specific in that they are concerned with certain 
groupings common to many enzyme proteins. If an inhibiting 
agent proves to be specific to one enzyme or group of enzymes, 
it may reasonably be assumed to interfere with a reaction or 
grouping specific to those enzymes. Enzymic specificity is 
related to the active centre, which is so constituted as to 
combine selectively with the substrate. Therefore, any 
substance which prevents either this combination or the 
activation of substrate on the enzyme surface may act as a 
specific inhibitor to the enzyme in question. We may envisage 
several ways by which such inhibition could be brought about. 
Access of either coenzyme or substrate to the active centre 
may be prevented by alteration or blocking of the centre 
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itself, or the coenzyme or the prosthetics group may be 
modified so that it is incapable of performing its function. 

Alteration of prosthetic group is responsible for inhibition 
of the haematin enzymes, such as cytochrome oxidase and 
catalase, by carbon monoxide, hydrogen sulphide, cyanide, 
azide or hydroxylamine. The inhibition of glycolysis by 
fluoride is now known to be due to reaction with magnesium, 
a coenzyme of enolase (Warburg and Christian, 1942). Fluoride 
had long been known to be a powerful specific inhibitor of 
glycolysis, causing accumulation of pliosphoglyeeric acid 
(Emden and Ickes, 1934). When Warburg crystallised the 
enzyme enolase which acts on phosphoglyceric acid, he found, 
as expected, that it was strongly and specifically inhibited by 
fluoride. The mechanism of inhibition was shown to be 
through formation of a magnesium-fluoro-phosphate complex 
which inhibits the action of the enzyme by itself combining 
with enzyme protein. The inhibition of certain metalloprotein 
enzymes by 2 : 3-dimercaptopropanol (B.A.L.) and other dithiols 
is also due to combination of metal with inhibitor (Webb 
and van Heyningen, 1947 ; Barron, Miller and Meyer, 1947). 

In many cases the specificity of an enzyme for its substrato 
or coenzyme is not absolute, and the enzyme is capable of 
combining through its active group with other substances 
structurally related to either substrate or coenzyme. How- 
ever, it is unable to activate these substances and is conse- 
quently inhibited because access to the active group is 
prevented. In other words, a competition for the active 
group exists between inhibitor and substrate or coenzyme. 
The term competitive inhibition is therefore applied to the 
phenomenon, which is of considerable importance in enzyme 
chemistry. Malonic acid, the lower homologue of succinic 
acid, inhibits succinic dehydrogenase by preventing access of 
succinic acid to the enzyme. This can be shown by increasing 
the ratio of succinic acid to malonic acid in the reaction 
system ; the degree of inhibition is then decreased, owing to 
displacement by succinic acid of some of the malonic acid in 
combination with the enzyme. With sufficient succinic acid, 
the inhibition can bo completely overcome (Hopkins, Morgan 
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and Lutwak-Mann, 1938). Combination of inhibitor with 
enzyme is easily reversible, and the degree of inhibition for a 
given amount of enzyme is related to the concentration of 
substrate as well as to the inhibitor concentration. These are 
characteristic properties of true competitive inhibition and 
are used to identify the phenomenon both in vitro and in vivo. 
Malonic acid acts as a very specific inhibitor in vivo of succinic 
dehydrogenase ; its use in this respect has already been 
referred to in considering the tricarboxylic acid cycle (p. 80). 
Some other substances related to succinic acid which have 
been found to inhibit succinic dehydrogenase are 

COOH . (CH 2 ) 3 . COOH C 6 H 5 . CH 2 . CH 2 . COOH 

COOH CH(C 2 H 5 ).COOH C 6 H 5 .CH 2 .COOH 
COOH. CH 2 .CH.CH 2 . COOH 
doOH 

C,H s .CH(OH).COOH 

(Quastel and Wooldridge, 1928), Many other cases of 
competitive inhibition are known, among which may be cited 
the inhibition of diamine oxidase by certain long-chain diamines 
(Blaschko and Duthie, 19456) ; the inhibition by glucose of 
the phosphorylase synthesising glycogen from glucose-C- 
phosphate (Cori, Cori and Green, 1943) ; and the inhibition 
by pyridine sulphonic acid of glucose and lactic acid dehydro- 
genases both of which work through coenzyme I (Euler, 1942). 
In the latter case, the coenzyme is displaced from combination 
with enzyme protein by the sulphonic acid analogue of the 
coenzyme ; in the two former cases, it is the substrate which 
is in competition with inhibitor. 

Another type of specific and reversible inhibition is 
frequently encountered, in which degree of inhibition is not 
related to substrate concentration, but only to inhibitor 
concentration. This suggests that the substrate cannot 
prevent combination of inhibitor with enzyme. Therefore, 
the inhibitor must combine with some grouping which does not 
itself combine with the substrate but which is essential for 
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substrate -activation. This type of inhibition is usually referred 
to as non-competitive, to distinguish it from competitive 
inhibition. Like competitive inhibition, it is also displayed by 
substrate analogues, but when both competitive and non- 
competitive inhibition of an enzyme occur with different 
inhibitors, those analogues giving rise to competitive inhibition 
usually resemble the substrate more closely than those causing 
non-competitive inhibition. Such is the case in the inhibition 
of arginase by amino acids, studied by Hunter and Downs 
(1945). This enzyme catalyses the splitting of arginine to urea 
and ornithine. The diamino acid lysine inhibits the action 

NhU 

>CNH.(CH 2 ) 3 CH(NH 2 ).COOH 
ARGINASE 

h 2 o 

‘ >CO + NH 2 (CH a ) 3 .CH(NH 2 ).COOH 
NH/ 

of arginase in a competitive manner, the degree of inhibition 
for a given enzyme concentration being dependent on 
inhibitor /arginine ratio. Monoamino acids, on the other 
hand, show non-competitive inhibition, where substrate 
concentration has negligible effect on the extent of inhibition, 
Tig. 19 shows graphically the effect of amino acids on arginase, 
residual enzyme activity times inhibitor concentration being 
plotted against arginine concentration (see p. 167 for derivation 
of relation). 

In Fig. 19 we can see that ornithine, one of the reaction 
products, inhibits arginine breakdown in an apparently 
competitive manner. Consideration of the equilibrium of 
this reaction shows that either of the reaction products could 
act in this way by preventing dissociation of the enzyme- 
arginine complex, the extent of breakdown being obviously 
proportional to the concentrations of the various reactants. 
The inhibition of enzymic reactions by excess of one reaction- 
product is a fairly general effect. It may be encountered, for 
example, in bacterial suspensions to which a large excess of 


NH 

NH. 



164 


THE BASIS OF CHEMOTHERAPY 


some metabolite has been added. It is often misinterpreted 
as indicating that the mefabolito is inhibitory per «e, and 
erroneous theories hare sometimes been based on such 
observations. 

The foregoing account of enzyme inhibition has tended to 
over-simplify the phenomenon for purposes of classification. 
The divisions between specific and non-specific inhibitors and 



Fio 19. — Inhibition of Bfgmaso by /-amino acids. I ~ concentration of 
inhibiting ammo acid, a = fractional activity, where 1— a = degree of 
inhibition. (Hunter and Downs, 19J5.) 

competitive and non-competitive are only valid when applied 
to one particular enzyme. An inhibitor may combine 
reversibly with a group at the active centre of one enzyme 
and show the characteristics of competitive inhibition, while 
with another enzyme it may attack a chemically similar group 
situated outside the active centre and will be classed as a 
non-competitive inhibitor. Tliis would occur if the particular 
grouping which combined with the inhibitor was essential in 
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both cases but was concerned in combination with substrate 
or coenzymo only in the first case. The work of Hellerman 
and his co-workers on atebrin and quinoline bases as enzyme 
inhibitors suggests that all these compounds combine with 
similar groups in different enzymes, the resulting inhibition 
varying in typo with the enzyme in question (Hellerman, 
Xiindsay and Bovamick, 11)40). Any enzyme inhibited by one 
of these compounds was found to bo inhibited by the whole 
group, the order of effectiveness in the group being similar for 
different enzymes. The enzymes d-amino acid oxidase, dia- 
phorase, lactic dehydrogenase, pancreatic lipase and catalase 
wero all inhibited by atebrin, plasmoquine, quinine and various 
non-antimajarial quinolines. The inhibition of d-amino acid 
oxidase by quinine was found to be a true competitive inhibi- 
tion with respect to the coenzyme, flavin adenine dinucleotide ; 
while with diaphorase, non-competitive inhibition was reported. 
Atebrin showed true competitive inhibition with pancreatic 
lipase, but its effect on d-amino acid oxidase was found to be 
not strictly competitive when investigated kinetically. 

Inhibition by atebrin of flavoproteins, when first reported, 
was thought to be due possibly to a structural similarity 
between the atebrin and flavin molecules, since protection 
from inhibition could be afforded by the flavin-containing 
coenzyme (Wright and Sabine, 1944 ; Haas, 1944). However, 
the findings by Haas that atebrin also inhibited glucose-6- 
phosphate dehydrogenase, whose pyridine-nucleotide coenzyrne 
could also protect against inhibition, suggested that this 
could not be the case. Quinine was also found to inhibit both 
these enzymes. Extension of the investigation by Hellerman 
and co-workers showed that these coenzymc antagonisms are 
not specific to atebrin, but are also shown by numerous 
quinolines, and cannot therefore be due to structural similarity 
with a portion of the coenzyme molecule. This was further 
stressed by the fact that all these compounds inhibit other 
totally unrelated enzymes. The one common property shown 
by all these inhibitors and the coenzymes is their basic nature. 
It is possible that they combine with certain acidic groups of 
the enzymes, and where such groups arc concerned with 
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some metabolite has been added. It is often misinterpreted 
as indicating that the metabolite is inhibitory per se, and 
erroneous theories have sometimes been based on such 
observations. 

The foregoing account of enzyme inhibition has tended to 
over-simplify the phenomenon for purposes of classification. 
The divisions between specific and non-specific inhibitors and 



Fio. 19. — Inhibition of argmaso by 1-ammo acids. I *=* concentration of 
inhibiting ammo acid, a = fractional activity, wfrerq 1 — a ~ degree of 
inhibition. (Hunter and Down*, 1945.} 

competitive and non-competitive are only valid when applied 
to one particular enzyme. An inhibitor may combine 
reversibly with a group at the active centre of one enzyme 
and show' the characteristics of competitive inhibition, while 
with another enzyme it may attack a chemically similar group 
situated outside the active centre and will bo classed as a 
non-competitive inhibitor. This would occur if the particular 
grouping which combined with the inhibitor was essential in 
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By the law of mass action, assuming only a negligible fraction 
of total inhibitor present is combined with enzyme, 

I(e-g) =Kj.q 

I i?=S>=K I 

9 

q — ei 

i 

i = l — a 

I.— =Ki (V) 

1— a 

This treatment has been applied by Hunter and Downs 
(1945). Equation 7 provides a method for determining K r , 
and also shows that, with given enzyme and inhibitor con- 
centrations, the residual enzyme activity (i.e. degree of 
inhibition) is constant and independent of substrate concentra- 
tion, and only dependent on the dissociation constant of 
enzyme-inhibitor complex. 

The kinetics of competitive inhibition were worked out by 
Michaelis and Menten (1913). In this case, two reversible 
reactions are to be considered, formation of enzyme-substrate 
complex, and of enzyme-inhibitor complex. 

E + S ; : ES E + 1 7' — * EI 

Let S = concentration of substrate 
I = ,, „ inhibitor 

V — >, „ enzyme -substrate complex 

9 — » „ enzyme-inhibitor complex 

K, = Dissociation constant of enzyme-substrate 
complex 

ICj ss Dissociation constant of enzyme-inhibitor 
complex. 


substituting 


substituting for 
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combination with coenzyme, a competition between coenzyme 
and inhibitor will occur. 

We can see then that competitive inhibition is not 
necessarily confined to substrate analogues, and may not even 
be specific to one enzyme or class of enzymes. The danger 
of misinterpreting the action of an inhibitor as a result of 
testing on an insufficient number of enzymes is well illustrated 
in the case of the antimalarial drugs. 


Kinetics of inhibition 

A knowledge of the dissociation constant of enzyme- 
inhibitor complex is of great importance in assessing the 
potency of an inhibitor and the possibility of employing it 
in vivo. A study of the kinetics of enzyme inhibition provides 
a means for determining both this constant and, at the same 
time, the equally important dissociation constant of the 
enzyme substrate complex (Michaelis constant). It also 
provides mathematical proof, should it be required, for 
the differences between competitive and non-competitive 
inhibition. 

The degree of enzymic inhibition caused by a non- 
competitive inhibitor is dependent solely on the amount of 
enzyme combined with the drug, and therefore the only 
equilibrium to be considered is that concerned with formation 
of enzyme-inhibitor complex. 

e + 1 ; 1 El 

Let I = concentration of inhibitor 

e = initial concentration of enzyme 
q — concentration of enzyme-inhibitor complex 
Kj = dissociation constant of enzyme inhibitor complex 
i — fractional inhibition 

= ? 
e 

a = fractional activity', where 1 — a = i. 
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Hunter and Downs (1946) substitute the term fractional 

activity (a) for - in equation (9), which becomes 
v o 

lv l ' K ’ 

(K.+Sjji- 1 ) 

» I -i^ = r, (K * +s > 

I..— =Ki+§!S . - - (10) 

1 — a lv. 


Substituting C for K x + ~ S, we get 


ip-= c . 
1 — a 


• (u) 


This equation is comparable with equation (7) obtained for 
non-competitive inhibition, except that, in this case, C is not 
a constant but is proportional to substrate concentration. 
The extent of inhibition is also proportional to the relative 
values of dissociation constants Kj and K,. In other words, 
equation (10) shows us that the characteristic properties of 
competitive inhibition are variation of inliibition with sub- 
strate concentration and dependence on the relative affinities 

of the enzyme for substrate and inhibitor. If I . ~~ is 

plotted against S, the graph will be a straight line sloping 
upward from the axis of S (Fig. 20). Its intercept on the 

I . axis is K f and its slope is from which values 
l— a K, 

both K. and K may be calculated. The term I . — — 

1 — a 

represents a useful yardstick for relating the effects of 
different inhibitors. It is numerically equal to the con- 
centration of inhibitor by which activity of a given enzyme 
is reduced to one-lialf of its original value. 
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Then, by the law of mass action, 

S(e— p— q) = K s p 
I(e-p-q) = K, q 


eliminating q we get 


K I = - 


IK, 




( 8 ) 


Let Vq = velocity of enzymic reaction without inhibitor 

v = velocity of enzymic reaction in presence of inhibitor 
p 0 — concentration of enzyme-substrate complex in absence 
of inhibitor. 

In each case the velocity of reaction is proportional to the 
, concentration of enzyme-substrate complex. 


= Po 
V 


Po = 7, P' 


Now, a value for p 0 has already been derived as (P * n 

equation (1) p. 150). 

v n eS 


~K s +S 


K,+S 

S 


Substituting for - in equation (8) 

l- IK - 



f«n K,+S ,1 

l K 


U • s 

1 


Kx = 


-° (K.+S)— S— K, 

v 

I . K, 


(K,+S)| 


(?-■) 


• (9) 
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inhibitor complex is in equilibrium with the dissociated 
constituents according to the equation 


INHIBITOR + ENZYME 7" ENZYME-INHIBITOR (K r ) 


, y v INHIBITOR- ENZYME- 
' r ' A ' ANTIDOTE SUBSTRATE 


(K.) 


At equilibri um , the extent of dissociation will depend on the 
dissociation constant (K x ) of the enzyme-inhibitor complex 
and will increase with increasing values of K r Equilibrium 
may be altered either by removal of enzyme by combination 
with additional substrate, or by removal of inhibitor through 
chemical combination with an antidote. The enzyme-inhibitor 
complex will then dissociate further in an attempt to restore 
the equilibrium, and some degree of reversal of inhibition will 
be effected. In the absence of antidote, the effectiveness of an 
inhibitor depends, as we have seen (equations 7 and 10), on 
the values of K, and K r 

Chemical combination of inhibitor with an antidote may 
provide an effective method of reversing enzyme inhibition. 
If the inhibitor-antidote complex is very insoluble, the reversal 
of inhibition is complete, since all the inhibitor is removed 
from solution. Such is the case in the reversal by hydrogen 
sulphide of the inhibition by heavy metals of “ SH enzymes.” 
Complete reversal could also be attained if the dissociation 
constant (K A ) of the inhibitor-antidote complex were very 
low compared with that of enzyme-inhibitor complex (K r ). 
Recent investigation on war gases has clearly demonstrated 
the dependence of toxic action upon the dissociability of 
poison-enzyme and poison-antidote complexes. The vesicant 
lewisite, and lachrymators such as chloracetophenone and 
bromobcnzyl cyanide, were found to be powerful inhibitors of 
all “ SH enzymes,” i.c. low values of Kj (Dixon and Needham, 
1940 ; Peters, Stockcn and Thompson, 1945). Among a series 
of related lachrymators, the greatest degree of enzyme 
inhibition was obtained with those compounds which formed 
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Adequate study of enzyme inhibitors cannot be carried on 
without investigation of the kinetics of inhibition. This is 
now being realised to an increasing extent by workers in the 
field, who, however, often appear to fail to realise the value’ 
of the use of pure enzymes in their experiments. Much pains- 
taking work on impure enzymes has subsequently been proved 
to be valueless when kinetic data were provided- for the pure 
enzymes. 



Fjq. 20.— Characteristic graphs of competitive and non-competitive inhibition. 
I = inhibitor concentration, a = fractional activity, where 1— « — 
degree of inhibition. (Enables calculation to be made for values of Ki, 
dissociation constant of enzyme-inhibitor complex, and K„ dissociation 
constant of enzymo-substrate complex.) 

Kinetic treatment has been applied to the sulphonamide 
inhibition of growth of bacterial cells and its competitive 
reversal by p-aminobenzoio acid (Klotz and Gutmann, 1945). 
This enabled the dissociation constants (Kj) of the drug- 
enzyme complexes to be estimated. 

Reversal of inhibition 

When inhibition of an enzyme is reversible, the enzyme- 
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of succinic dehydrogenase by raalonic acid, wo have a high 
affinity between substrate analogue and enzyme, the inhibitor/ 
substrate ratio for 50 per cent, inhibition being as low as 
1/50 (Potter and DuBois,' 1943). This high affinity represents 
an exception, rather than tho rule, and in most cases of 
competitive inhibition so far examined, It f is found to be 
lower than K r This might be expected in view of the high 
specificity shown by an enzyme for its natural substrate ; 
it implies that reversal of drug inhibition can bo effected, in 
certain cases, by increase in substrate concentration, an 
undesirable character in a chemotherapeutic drug. Kinetic 
data provided for d-amino acid oxidase (unfortunately on 
impure enzyme preparations), show that quinine inliibits the 
enzyme by competing with the coenzyme flavin adenine di- 
nucleotide (Hellerman, Lindsay and Bovarniclc, 1946). The 
ratio of the two dissociation constants Kj/K, was about 1000, 
K r being about 4XlO“* and K^. 4xl0" 7 . With a quinine 
concentration of 10"*M, 61 per cent, inhibition was obtained 
with a coenzyme concentration of 0-4 X 10~ 7 M *, when the 
coenzyme concentration was raised to 27-5x 10~ 7 M the degree 
of inhibition was reduced to 10 per cent. Here wo see that 
because of the enormous difference between the dissociabilifcies 
of the complexes of enzyme with inhibitor and coenzyme, a very 
small amount of additional cocnzyme in the reaction system 
largely eliminated the inhibition caused by a relatively high 
concentration of quinine. 

Certain combinations between active centre and inhibitor 
may not be reversible. In this case, substrate or coenzyme 
can only protect against inhibition when added prior to the 
inhibitor, but the degree of inhibition will still be proportional 
to the concentration ratio. This condition has been found by 
Haas (1944) to occur in the inhibition by atebrin of cytochrome 
reductase and glucose * 6 - phosphate dehydrogenase. The 
reversibility of atebrin-enzyme combination appears to vary 
with different enzymes, since Hellerman reports that inhibition 
of pancreatic lipase by atebrin shows strictly reversible 
competition with substrate. With d-amino acid oxidase lie 
suggests that tho effect of atebrin might be explained by a 
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most stable addition products with thiols. Inhibition by 
lewisite of pyruvate oxidase or hexokinase could not be 
reversed by monothiols, such as cysteine or glutathione, 
which reacted with the poison to give compounds dissociating in 
dilute solution (K A high). The dithiol 2 : 3-dimercaptopropanol 
(British anti-lewisite or B.A/L.) reacted with lewisite to form 
a highly stable non -dissociating ring compound (K A low’) and 
was completely effective in reversing the action of lewisite 
on pyruvate oxidase or other SH-enzymes (Stocfcen and 
Thompson, 194.6 ; Whittaker, 1947 ; Barron el al., 1947). 
B.A.L. was found to be effective not only in reversing the 
in-vitro inhibition of “ SH enzymes ” by lewisite, but also in 


SH— CH» 


CICH 


= CH.As< 

\CI 


-|- SH- 


Jh 

<!:h,oh 

bji. 


>-ch, 

■ CICH = CH As< I 

V-CH 


+ 2HCI 

iH,OH 

Stobfe ring-compound 


reversing the toxic and vesicant action of lewisite in vivo for 
at least an hour after contamination of the skin. 

If K a is equal to or slightly greater than K p fairly effective 
reversal of inhibition may be attained by the use of a large 
excess of antidote over inhibitor. The reversal by cysteine 
or glutathione of “ SH inhibition ” by arsenicals or mercurial 
compounds is an example of this type of reversal ; reactivation 
of succinoxidase by glutathione after poisoning by p-carboxy- 
phenylarsenoxide required a glutathione concentration fifty 
times greater than that of the inhibitor (Barron and Singer, 
1945a). 

In competitive inhibition, where the inhibitor is antagonised 
by the substrate, we know that the relative values of K x and 
the enzyme-substrate dissociation constant (Michaelis constant, 
K.) play an important part in determining the efficiency of an 
inhibitor. An ideal competitive inhibitor would be one whose 
affinity for tho enzyme Is considerably greater than that of 
the substrate, otherwise the ratio of inhibitor/substrate 
concentrations would have to be high. In the case of inhibition 
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of succinic dehydrogenase by malonic acid, we have a high 
affinity between substrate analogue and enzyme, the inhibitor/ 
substrate ratio for 50 per cent, inhibition being as low as 
1/60 (Potter and DuBois,' 1943). This high affinity represents 
an exception, rather than the rule, and in most cases of 
competitive inhibition so far examined, K, is found to be 
lower than K x . This might be expected in view of the high 
specificity shown by an enzyme for its natural substrate ; 
it implies that reversal of drug inhibition can be effected, in 
certain cases, by inorcase in substrate concentration, an 
undesirable character in a chemotherapeutic drug. Kinetic 
data provided for d-amino acid oxidase (unfortunately on 
impure enzyme preparations), show that quinine inhibits the 
enzyme by competing with the coenzyme flavin adenine di- 
nucleotide (Hellerman, Lindsay and Bovarnick, 1940). The 
ratio of the two dissociation constants Kj/K, was about 1000, 
Kj being about 4x10-* and K f 4xl0~ 7 . With a quinine 
concentration of KHM, 61 per cent, inhibition was obtained 
with a coenzyme concentration of 0-4 x 10~ 7 M ; when the 
coenzyme concentration was raised to 27-6 xl0' 7 M the degree 
of inhibition was reduced to 10 per cent. Here we seo that 
because of the enormous difference between the dissociabilities 
of the complexes of enzyme with inhibitor and coenzyme, a very 
small amount of additional coenzyme in the reaction system 
largely eliminated the inhibition caused by a relatively high 
concentration of quinine. 

Certain combinations between active centre and inhibitor 
may not be reversible. In this case, substrate or coenzyme 
can only protect against inhibition when added prior to the 
inhibitor, but the degreo of inhibition will still be proportional 
to the concentration ratio. This condition has been found by 
Haas (1944) to occur in the inhibition by atebrin of cytochrome 
reductase and glucose - 6 - phosphate dehydrogenase. The 
reversibility of atebrin-enzyme combination appears to vary 
with different enzymes, since Hellerman reports that inhibition 
of pancreatic lipaso by atebrin shows strictly reversible 
competition with substrate. With d-amino acid oxidase he 
suggests that the effect of atebrin might be explained by a 
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slow irreversible combination superimposed on a strictly 
reversible reaction (Hellerman, Lindsay and Bovamick, 1916) 
In the inhibition of SH-enzymes by heavy metals, increase in 
the concentration of metal may decrease the degree of reversal 
attained by addition of thiol compounds (Sumner and 
Myrback, 1930 ; Barron and Kalnitsky, 1947). Tlu’s may he 
duo to irreversible denaturation of the enzyme by the heavy 
metal. 

Effect of inhibitors on living cells 

The foregoing sections of this chapter have dealt in some 
detail with the inhibition of isolated enzjunes. This is 
necessary, because any adequate consideration of mode of 
drug action in the living cell must be related to these facts. 
If, for example, a drug has a grouping which can combine 
with sulphydryl groups and its effect is reversed by an excess 
of cysteine, it is reasonable to assume that it is inhibiting 
some enzyme dependent for activity on free sulphydryl 
groups. The action of another drug might be reversed by a 
known metabolite in such a way that the ratio of drug to 
metabolite is constant for anj- given degree of inhibition ; 
in this case the drug may be acting by competing with the 
metabolite for the enzyme whose substrate is that particular 
metabolite. These suppositions w r ould be strengthened by 
investigating the effects of the drug on isolated enzymes of 
the types suggested by in-vivo experiments. However, a 
positive result from such experiments should not be taken as 
proof that the action on the particular enzyme is the only 
action of the drug in vivo, unless the importance of that 
enzyme in cell economy is known. 

An indication of the importance of an enzyme to the cell 
may be obtained from a knowledge of the cellular concentration 
of enzyme and the rate at which it reacts with its particular 
substrate. A measure of tliis rate is given by the constant 
known as Turnover Number, which may be defined as the 
n um ber of molecules of substrate (or coenzyme) which will 
undergo reaction with one molecule of enzyme in one minuto 
when jpH and substrate concentration are such that the 
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enzyme is working at its maximum velocity for the temperature 
under consideration. In the case of a respiratory enzyme, a 
knowledge of enzymic concentration and Turnover Number 
enables one to calculate the maximum fraction of total 
respiration which could pass through the pathway catalysed 
by that enzyme. The percentage inhibition of total cell 
respiration due to the action of the inhibitor on that pathway 
could then be calculated, and compared with the experimental 
value. 

Unfortunately, enzymology has not progressed far enough 
for us to find in the literature all the data to enable such 
calculations to be made for most enzymes. The determination 
of the absolute amount of an enzyme in cells is a measurement 
which can be made with certainty only in a few cases, because 
of the difficulty of quantitative extraction from the cell. The 
difficulty in measuring Turnover Number is not so great, but 
in spite of this, insufficient data have been collected up to the 
present for calculation of Turnover Numbers of different 
enzymes when acting on substrates actually present in the 
living cell. Mcllwain (1940) has estimated from available data 
the Turnover Numbers of various enzymes and also the 
amounts contained in a single bacterial cell. He concludes 
that certain enzymes, possibly associated with genes or 
cellular synthesis, must exist in concentrations of only one or 
a few molecules per cell ; others exist in very much higher 
concentrations (see also Herbert and Pinsent, 1947). 

In the case of cytochrome c, we are fortunate in having a 
protein whoso activity and concentration can be measured 
in the intact cell by means of its absorption spectrum. This 
was first done for yeast by Haas (1934) by measuring with a 
photoelectric spectrophotometer the light absorption at 550 mju 
of a washed yeast suspension. This wave-length represents 
the position of the strongest visible absorption band of 
reduced cytochrome c, and its intensity gives a measure of 
the amount of reduced cytochrome c present at any given 
time. Comparison of the absorption at 550 mjx of the yeast 
in a nitrogen atmosphere with that of a standard solution of 
reduced cytochrome c gavo the concentration of cytochrome 
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colloidal system containing the complete cytochrome system 
and succinic dehydrogenase. The much lower figure for the 
cell-free system indicates, as Keilin points out, “that the 
great efficiency of catalytic systems within living cells is due 
to a high structural organisation responsible for the proper 
spatial distribution and the most favourable molecular 
orientation of all components of the system.” Methods have 
not yet been developed by which Turnover Numbers of most 
other enzymes can be measured in the intact cell, and it is 
probable that any value found in vitro represents a figure 
considerably below the in-vivo figure. 

Negelein and Wulff (1937) provide data showing that 
in vitro one molecule of alcohol dehydrogenase can reduce at 
least 1800 molecules of pyridine nucleotide per minute. As 
far as Turnover Number is concerned, concentration of 
pyridine nucleotide in the living cell is highly misleading, since 
nucleotide coenzymes usually occur in large excess over the 
corresponding dehydrogenase proteins (Schlenk, 1942). Work- 
ing with nicotinamide-deficient Proteus vulgaris produced by 
growth in low concentrations of nicotinamide, Morel (1941) 
estimated the concentration of nicotinamide in the cells when 
they first showed symptoms of nicotinamide deficiency. At 
this stage it is probable that all the coenzyme present was 
used for hydrogen transport. Measurement of the reducing 
power of such cells for methylene blue in the presence of 
glucose, gave a Turnover Number for nicotinamide dehydro- 
genases oxidising glucose in vivo as 600. As pointed out by 
More], it is unlikely that all hydrogen transport is mediated 
by the nicotinamide coenzymes, so that the figure given is a 
maximum for the conditions used. The value is considerably 
lower than that given by Negelein and Wulff for alcohol 
dehydrogenase, but this is to be expected, since the value 
arrived at by Morel represents an overall figure for depleted 
cells and for a whole group of dehydrogenases, some of which 
may have much lower Turnover Numbers. In vivo, moreover, 
there is no guarantee that at each stage in a series of linked 
dehydrogenations, each enzyme will be saturated with the 
appropriate substrate. 
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The Turnover Number of a flavoprotein enzyme in living 
Lactobacillus delbruckii was calculated by Warburg (1934) 
from unpublished figures obtained by Haas. . This organism 
normally grows under anaerobic conditions ; it has no cyto- 
chrome or other haeme pigments and is not affected by 
cyanide ; in the presence of oxygen, however, it takes up 
oxygen and produces hydrogen peroxide. Haas observed a 
visible absorption band at 460 mp under aerobic, but not under 
anaerobic, conditions, and concluded it was due to a flavo- 
protein. The rate of oxidation of the flavoprotein was calcu- 
lated by observing anaerobically appearance of the band 
after addition of methylene blue. The corresponding oxygen 
uptake duo to this enzyme was calculated to be 1-2 mm. 3 0 2 
per ml. suspension per minute, while the observed oxygen 
uptake was 1-0. Warburg concluded that all respiration 
of this organism, observed when it is kept under aerobic 
conditions, can pass through a flavoprotein. The Turnover 
Number for the enzyme was calculated to be 30. This is a 
very low value for a respiratory enzyme, but since the organism 
does not normally exist aerobically we may infer that the 
flavoprotein is not playing its normal role under these circum- 
stances. A valuable extension of this work would be a 
determination of the Turnover Number of the flavoprotein 
under anaerobic conditions with no artificial hydrogen acceptor. 

The flavoprotein diaphorase has been found to have 
in vitro a Turnover Number of 8000 when it is transferring 
hydrogen in the following system (Straub, Corran and Green, 
1939 ; Straub, 1942) 

bihydro-diphosphopyridine nucleotide 7_ “ , * ( Diphosphopyridinc 

+ DIAPHORASE ] nucleotide + 

Methylene blue ■> ( Leucomethylcne blue 

Although this value was not determined with the natural 
hydrogen acceptor of diaphorase, since it is unknown, there 
is evidence that this reaction rate is of the same order as in 
the intact cell. Unfortunately there are no figures available 
for the diaphorase content of cells, so that the proportion of 
respiration passing through diaphorase cannot be estimated. 
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The position is different with regard to cytochrome 
reductase, the other known flavoprotein concerned in hydrogen 
transport from pyridine nucleotide dehydrogenases to cyto- 
chromes. Here, in the case of yeast at least, a figure for its 
concentration has been given (Haas, Horecker and Hogness, 
1940), and its Turnover Number has been estimated as 300 
to 500 (Green, 1941). A Turnover Number of about 400 
would seem to be a reasonable figure to use in an attempt to 
estimate the part played by this enzyme in respiration of 
bakers’ yeast at 28°. 

The rate of respiration of yeast expressed as respiratory 
coefficient, Q 0j , is 60-80 at 28° (Q 0i — mm. 3 of oxygen used 
per mg. dry weight per hour). This means that 1 kg. dry 
weight of yeast takes up 0-045 gm. mol. of oxygen per minute. 
According to our calculation, 1 mol. of cytochrome reductase 
can in one minute transfer 400 mols. of hydrogen, i.e. can 
reduce 200 mols. of oxygen. Tho molecular weight of the 
enzyme is 75,000, and 1 kg. dry yeast contains 0-6 g. of 

enzyme, i.e. - gm. mol. Therefore, number of gm. mols. 
75,000 

of oxygen taken up per minute by 1 kg. of yeast through 
0-6x200 

cytochrome reductase = — = -0016. This shows that 

75,000 

only — i.e. 3-5 per cent., of the total oxygen uptake of yeast 

can bo carried on by means of the glucose-6-phosphate 
dehydrogenase-cytochrome reductase system if this is the only 
system in which cytochrome reductase plays a part. Our 
knowledge of cellular metabolism is still so slight that we are 
unable to say whether cytochrome reductase acts as hydrogen 
acceptor to any enzyme other than glucose- 6-phosphate 
dehydrogenase. Neither are we able to estimate the importance 
in normal aerobic respiration of this practically unknown route 
of carbohydrate oxidation, which is not the normal anaerobic 
glycolytic pathway about which moro is known (pp. 68 and 72). 

It is, however, instructive to examino the typo of in- 
formation we can obtain from these calculations in the 
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unlikely circumstances that all our assumptions are correct. 
We may say that any inhibitor acting exclusively on the 
glucose - 6 - phosphate dehydrogenase cytochrome reductase 
system would reduce respiration of yeast by 3*5 per cent. In 
the present state of knowledge, it is impossible to say whether 
an inhibitor acts only on one enzyme, but we may examine 
inhibitors known to act on the cytochrome reductase system 


Table 11 

Effect of inhibitors on isolated respiratory enzymes and 
on respiration of intact cells 



Per cent. Inhibition by 

System Studied 

10- 2:4- 
dinitro-o- 
cj clohexyl 
phenol 

5 X 10“*M 
Atebrrn 

5xlO*‘M 

Quinine 

Glucose-6-phosphate ) Dehydro- 
TPN J genase 

90 

78 

0 

TPN ) Cytocliromo 

Cytochrome c ) reductase 

70 

73 

14 

0^g™°“° '} Cytoohromo osid*. 

0 

40 

17 

Respiration of bakers’ yeast 

93 


0 

17 per cent, 
inhibition by 

i.3xio-*M)* 

Respiration of malaria parasite 


80 f 

26 f | 


Figures from Haas (1914), except for * Ilona and Grassheim (1923), 
f Fulton and Christophers (1938). 


and compare their effects on the isolated enzyme and on 
cellular respiration. Haas (1942) found that 2 : 4-dinitro-o- 
cyclohcxylphenol has an inhibitory effect on cytochrome 
reductase in concentrations of -OOlM ; the same concentration 
also inhibited glueose-6-phosphate dehydrogenase but not 
cytochrome oxidase (see Table 11)- We have to assume that 
cytochrome reductase is the only hydrogen carrier acting 
between glucosC'6-phosphate dehydrogenase and cytochrome, 
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and therefore inhibition of either enzyme will have the same 
overall effect on respiration. We have calculated that this 
effect should bo a 3*5 per cent, reduction of respiration. Haas 
found that *001M 2 : 4-dinitro-o-cyclohexylphenol reduced 
respiration of yeast by 93 per cent., which suggests to us that 
the phenol also inhibits some other respiratory enzymes. 

Experiments were also carried out by Haas (1944) on the 
effect of the antimalarial drugs atcbrin and quinine on the 
enzymes involved in the oxidation of glucose- 6-phosphate ; 
these are compared in Table 11 with results of Rona and 
Grassheim (1923) and Fulton and Christophers (1938) on 
respiration of yeast and the malaria parasite. The concentra- 
tions used were of the same order as those occurring in the 
blood stream after administration of therapeutic doses. The 
results indicate that atebrin has a far greater inhibitory 
effect both on total cell respiration, and on the respiratory 
enzymes investigated, than has quinine. Haas interprets his 
results as showing that, among the known components of the 
respiratory system, only cytochrome Teductasc and glucose-6- 
phosphato dehydrogenase need be considered as possible 
points of interference by atebrin in the malaria parasite. This 
can only apply if the whole respiration goes through the 
cytochrome reductase pathway. Little is known of the 
respiratory mechanism of the malaria parasite, which seems, 
however, to conform to the general scheme of carbohydrate 
metabolism (Bovamick, Lindsay and Hellerraan, 1946 a and b ; 
Evans, 1946 ; Speck and Evans, 1945a). The importance of the 
cytochrome reductase system is quite unknown, and Haas was 
unable to estimate the concentration of cytochrome reductase 
in parasites. Therefore Haas’ assumption is unjustified, par- 
ticularly as he himself shows that cytochrome oxidase, a very 
important respiratory enzyme, is inhibited by 40 per cent., a 
result confirmed by Hellerman, Bovamick and Porter (1946). 

Work by Hellerman, Lindsay and Bovamick (1946) has 
shown that therapeutic concentrations of atebrin and quinine 
inhibit many other enzyme systems and may bo regarded as 
fairly general enzyme poisons. The site of their attack on 
the living malaria parasite cell is therefore even more obscure, 
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particularly as many non-antimalarial quinolines were also 
shown to be effective enzyme inhibitors. However, with 
parasites initially depleted of glucose, the respiration resulting 
from addition of glucose is inhibited 75 to 90 per cent, by 
•0001M atebrin ; this inhibition can be reversed by adenylic 
acid or adenosine triphosphate in a manner suggesting 
competition. Quinine and plasmoquine had similar effects, 
and in all cases the inhibitory concentrations had no effect 
on cells not initially deprived of glucose (Bovamick, Lindsay 
and Hellerman, 19466). This suggestion that utilisation of 
adenosine triphosphate is inhibited by antimalarial drugs 
agrees with the finding of Speck and Evans (19456) that atebrin 
inhibited hexokinase more strongly than any of the other 
known enzymes of carbohydrato metabolism. The possibility 
cannot be excluded that in all these cases combination 
occurred between basic drug and the acidic adenosine triphos- 
phate, so that the drug was having no direct effect on the 
enzyme. 

It must now be evident that thero is great need for 
quantitative data on the amounts of various enzymes present 
in different micro-organisms and tissues, and on the Turnover 
Numbers of the reactions catalysed by these enzymes in vivo. 
Until such data are available, attempts to prove on a 
quantitative basis that a particular drug owes its activity to 
inhibition of a particular enzj'me are of doubtful validity. 
Such attempts do, however, serve a useful purpose in indicating 
in which direction more knowledge must bo sought, and in 
suggesting other methods of quantitative attack on the same 
problem based on the effect of drug antagonists (see Chapter V). 

Reduction of respiration of an organism probably implies 
that an inhibitor is acting on one or more of the enzymes 
concerned with carbohydrate breakdown. Some indication of 
the site of action in the intact cell may sometimes bo obtained 
by demonstration of accumulation of an intermediate product 
normally metabolised by the cell. Such a case is the strong 
inhibition of carbohydrate breakdown by fluoride, in which 
there is an accumulation of 2-pliosphogIyccric acid (see 
p. 161) ; here it is possible to say that the major effect of 
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fluoride is on enolase which acts on phosphoglyeeric acid. 
Inhibition of oxidation or fermentation of one carbohydrate, 
for example glucose, but not of some of its normal breakdown 
products such as pyruvate or lactate, may suggest that the 
site of inhibition is on the pathway between glucose and 
pyruvate. A change in anaerobic breakdown product may 
also indicate blockage of one method of breakdown ; for 
example, if a fermenting organism which normally produces 
mostly acetic acid from added pyruvic acid produces lactic 
acid under the influence of an inhibitor, one may surmise that 
the path from pyruvic to acetic acid is blocked, but that the 
cell is able to utilise an alternative pathway for energy 
production (see p. 267 for specific examples). 

This use of alternative metabolic pathways under the 
influence of enzyme inhibitors may play an important part 
in the overall effect of inhibitors on cells. For example, two 
organisms may react differently to the same inhibitor because 
one may have an alternative pathway available and so can 
bypass tbe inliibited step, while the other will suffer some 
adverse effect through inability to utilise another pathway. 
The forcing of a reaction through an alternative pathway can 
also be imagined to be harmful to an organism, since the 
alternative route may not he a complete substitute for the 
normal reaction. 

Work by Hotchkiss (1944) on the antibiotic gramicidin, 
suggests that it may act on micro-organisms by preventing 
normal energy exchange through stimulating an abnormal 
non-pliosphorylative type of carbohydrate breakdown. Grami- 
cidin, like many other chemotherapeutic agents, has a 
bacteriostatic rather than a bactericidal action at the con- 
centration used therapeutically. This could result from the 
inability of the poisoned cell to utilise energy to force synthetic 
reactions required for growth and cell division. Hotchkiss 
found that gramicidin, dinitrophenol and azide all increased 
the rate of respiration of Staph, aureus but inhibited the uptake 
of inorganic phosphate normally associated with respiration. 
Growth of yeast is not so readily inhibited by gramicidin as is 
that of Staph, aureus ; yeast is, however, susceptible to 
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inhibition by dinitrophenol, and here too, uptake of inorganic 
phosphate and synthesis of polysaccharide were inhibited by 
this drug, Dinitrophenol and azide probably prevent utilisation 
of metabolic energy for synthetic processes by inh ibiting 
certain energy-rich phosphate transfers without inhibiting 
carbohydrate breakdown (Clifton and Logan, 1939 ; TWnzfcr, 
Burk and du Vigneaud, 1944 ; Spiegelman, Kamen and 
Bunn, 1946). The fate of “ labelled ” phosphorus in normal 
yeast was investigated by Spiegelman and Kamen (1946), 
who showed that during protein synthesis there was a fall 
in nucleoprotein phosphorus. No such fall occurred when 
fermentation was allowed to proceed in the absence of a 
source of nitrogen, when there was no growth or protein 
synthesis. Under conditions otherwise suitable for protein 
synthesis, dinitrophenol and azide prevented the fall in 
nucleoprotein phosphorus (review, McElroy, 1947). 

The importance of phosphorylation as a mechanism for 
energy storage and transfer has already been stressed. So far 
as we know, energy-rich phosphate bonds are the main energy 
store available for the forcing of desirable endergonic reactions, 
and any substance capable of preventing the formation or 
utilisation of phosphate bonds may prevent cell synthesis. 
Spiegelman and Kamen suggest that nucleoprotein phosphorus 
may be intimately concerned with cell synthesis, so that 
interference in its metabolism may prevent growth. Penicillin 
also seems to act by preventing cell synthesis rather than by 
interference with the oxidative energy-yielding mechanisms, 
and it may be significant that nucleic acid metabolism is 
susceptible to inhibition by this drug (Krampitz and Werkman, 
1947). The passage of glutamic acid across the cell wall of 
Strep. fcEcalis is also dependent on a supply of energy' and is 
inhibited by penicillin. Gale and Taylor (19466, 19476) 
suggest that tliis may' be the primary site of penicillin 
inhibition (see p. 272 for full discussion). 

Since many other chemotherapeutic drugs prevent the 
growth of susceptible organisms rather than till them out- 
right, it is evident that they could also act by preventing 
synthetic rather than degradative reactions. Tliis could be 
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effected either by inhibition of energy-producing reactions or 
by inhibition of synthetic processes themselves. The point 
is illustrated by the following example : growth of Escherichia 
coli in a synthetic ammonium chloride medium was accom- 
panied by uptake of ammonium ion from the medium. This 
fixation of nitrogen required an oxygen consumption about 
55 per cent, above that of resting cells. The resting respiration 
was scarcely affected by concentrations of sulphathiazole 
which completely inhibited growth, but the additional 
respiration associated with nitrogen fixation and cell synthesis 
was as susceptible to inhibition by sulphathiazole as was 
growth itself (Armstrong and Fisher, 1947 ; Fisher and 
Armstrong, 1947). These experiments do not indicate that 
sulphathiazole inhibits growth by inhibition of a sulphonami de- 
sensitive respiratory system associated with growth ; they 
simply indicate a trap for the unwary — confusion of cause 
and effect. There is little doubt, as' we shall show, that the 
primary site of sulphonamide inhibition is in the conversion 
of p-aminobenzoic acid to pteroylglutamic acid. The degree 
of inhibition of sulphonamide-sensitivc respiration is probably 
a measuro of the lessened need of the cell for exergonic oxidative 
reactions when its endergonic synthetic reactions are inhibited. 
As wo pointed out previously, very little is known about 
these synthetic reactions, so our lack of direct knowledge on 
the mode of action of chemotherapeutic drugs is not surprising. 

As far as wc know, the main energy-producing pathways 
employed by most animals and hetero trophic micro-organisms 
are similar. This may bo attributed to the fact that both 
forms of life derive most of their energy from the carbo- 
hydrates, and that differentiation during evolutionary develop- 
ment has been more concerned with change in synthetio 
pattern than with change in energy source for building that 
pattern. Chemotherapy is concerned with destruction of 
invading micro-organisms in the tissues of the host; this 
means that a successful chemotherapeutic drug attacks the 
micro-organism but not the host. This implies that the 
enzymes in the micro-organism which are inhibited by the drug 
may have different essential groups from those in tho 
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host ; alternatively, the susceptible enzymes may be either 
absent from the host tissues to which the drug has access, or 
of relatively less importance to the host. A successful chemo- 
therapeutic drug, i.e. one that is completely non-toxic to the 
host, is therefore unlikely to inhibit strongly any part of 
carbohydrate breakdown common to both host and infective 
agent, unless an effective alternative path is available to the 
host. A completely rational approach to chemotherapy could 
only be achieved after acquisition of full knowledge of all the 
enzyme systems of animals and micro-organisms. Tliis is a goal 
for the future. At present we can only examine the effects on 
organisms and isolated enzymes of our known chemotherapeutic 
drugs, and from a knowledge of the principles of enzyme 
inhibition described in this chapter, make attempts at guessing 
their mode of action. 



CHAPTER V 


DRUG ANTAGONISM 


Since enzyme inhibition, is often a reversible process, it is not 
surprising that the growth-inhibitory action of drugs on 
living cells can frequently be reversed by addition to the 
drug-cell system of a third component which can bring about 
removal of the drug from its site of action. The simplest of all 
examples of drug antagonism, and one winch is of such daily 
occurrence that its naturo is generally ignored, is the antagonism 
between hydroxyl and hydrogen ions. Growth of a micro- 
organism in the richest media is prevented by the addition of 
excess alkali (drug), but the antibiotic action of alkali may be 
antagonised by addition of a suitable quantity of acid 
(antagonist), and cell growth is .resumed, provided, o f c ourse, 
that. the micro -organism has not b een left for to o. long in the 
alkaline medium so that Irreversible denaturation of cellular 
protein has occurred. 

.Antagonism may be direct, in that tho antagonist combine^ 
chemically with the drug’and forms a physiologically Jnactive " * 
drug-antagonist complex, or it may be indirect, in, that no *• • 
chemicaLinteraction.between_drug^ancLantag onist is possible 
but-g ach is ca pable_of_displacing the other from its biological 
_ point of ac tion. Several examples of such indirect antagonism 
in isolated enzyme systems have been described in the previous 
chapter as competitive inhibitions. The conditions under which 
competitive inhibition can bo expected have been described 
and criteria for the competitive nature of an inhibition have 
boon laid down (Chapter IV). 

It will be remembered that competitive inhibition has been ^ 
found to occur ^when an enz yme system is treated with a / ', 
compound which is structurally simiIar~to a natural substrate 
and which can therefore “ fit ” A ’ ~ r ' ■ ' r 

protein. All essential metabo' ■ ; ■ • C 

cocnzymes, ^prosthetic groups, activators or building blocks 
i if* ~ •* ' - * - 
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are in the - 1 * 


some 


protein sti ■ ■ . * “ fit ” 

t heir p articular electronic configuration. -Any_gu bstance , 
ma d6. ava h a ble to the li ving cell, w hich" penetrates the ce ll 
wall^and _is__closely_ similar^in _electronic^configuxationto an 
essential. metabolite^Jorganic^or inorganic), .will „beJiable_to bo 
caught up, in the. metabolic .wheel .at, the point. specifically 
designed to accommodate the related ^metabolite. If the 
structure of the metabolite analogue is such that it can undergo 
'c hemi cal changes similar to those undergone by the natural 
metabolite, but^ at a slower rate, then "the living cell may 
utilise the analogue as an unsatisfactory_substitute, ai«l_grpw 
at a reduced rate limited by the. Turnover Number of-the 
modified enzyme system. If the metabolite analogue_^_fits_” 
the enzyme but cannot undergo conversion_to. a Junctional 
form, then it may act as an enzyme inhibitor. and hence as a 
growthjnhibitor. The nature of its m ode of ac tion wiITbe 
inchoated by the capacity_of_the natural, m etabolite to act as 
an antagonist in a competitivejnannerv 

Some confusion of thought has arisen from the above 
argument. Although a meta bolite analogue ma y act as a 
growth inhibitor by displacing the_natura]„metabolite, it does 
ngtHfoUow-that-cverv^substance capable o f reversing th e 


role of the antagonist, even when the drug-antagon ist relat ion- 
ship foil owfTalTffie laws of competitive inhibition. E vidence 
fnr tbrT rpetabolic , function ofa jirug antagonist must com e 
from studies on metabolism, rather than from s tudies on dru g 
antagonism. 

The drug antagonisms of classical pharmacology were well 
recognised long before the subject became of immediate 
interest in the biochemical interpretation of chemotherapy ; it 
is not possible to give a detailed account of the work here, 
and the monograph by A. J. Clark (1937) should be consulted 
as a guide to this field. “ Therapeutic interference ” w as the 
term used by Browning to describe the reduction in trypano* 
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cidal action which could be caused by injectio n of a sec ond 
drug after feeding of a tr ypanocidal drug (see p. 230). Not 
until the sulphonainides assumed a leading place in chemo- 
therapy and their mode of action was subjected to intensive 
study, did therapeutic interference and drug antagonism 
begin to shed light upon the enzymic interpretation of drug 
action. 

Sulpkonamides and p-aminobenzoic acid 

The reversal of the bacteriostatic effect of sulphonamides 
by peptone was noted by Lockwood (1938). In the following 


Table 12 

Concentration of antagonist required to reverse growth 
inhibition of Strep, hscmolyticus caused by sulphanilamide 


Concentration of 
Bulphanilamide 
(MxlO-») 

(a) 

Ml of extracted 
antagonist 

(xio->) 

(6) 

Ratio 

b/a 

Concentration of 
p-aminobenzoic 
acid 

(MX 10-’) 

(c) 

Ratio 
c/ax 10-* 

0-303 

0 016 

5-3 

0-58 

1-92 

1*515 

0 08 

6-3 

2 91 

1-92 

7-575 

0 4 

5 3 

14 54 

1-92 


{Woods, 1940.) 


year, Stamp (1939), in seeking for other sulphonamide 
antagonists, found that a concentrated extract from haemo- 
lytic streptococci was about a hundred times more active 
than peptone. Stamp suggested that his substance might be 
an essential metabolite for bacteria and an essential part of 
an enzyme system which was inhibited by sulphanilamide. 
Green (1940) extracted from culture media filtrates of Brucella 
abortus, and from the organism, a factor which reversed the 
bacteriostatic action of sulphanilamide. He suggested, also, 
that this factor acted by stimulating 6omo enzyme system in 
the bacterial cell wliich was inhibited by sulphanilamide. 
Soon afterwards. Woods (1940) showed that a sulphanilamide 
antagonist, prepared in much tho same way as Stamp’s 
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Are jn the last analysis substrates, in the sense that some 
protein structure in th e cell is specifically. designedly <r fit ’’ 
t Heir p articuIaF~eIectronic configuration. .An.y_ su bstance, 
made avail able to the _.Uving ~ce H~~\v Sicir penetrates the ce ll 
walLand _is_closely_ similar Jn_electrpmc^onfigurationtojm 
essential .metabolite., (organic .or inorganic), .wilLbeJiable Jo be 
caught up in the metabolic -wheel- at .the- point, specifically 
designed to accommodate the related . metabolite. If the 
structure of the metabolite analogue is such that it can undergo 
chemical changes similar to those undergone by the natural 
metabolite, but at a slower rate, then the living j?eU_may 
utilise the analogue as an unsatisfactory.substitute. and jgr pw 
at a reduced rate limited by the Turnover Number of-the 
modified enzyme system. If the metabolite analogue “ fits," 
the enzyme but cannot undergo conversion „to_ a Junctional 
form, then it may act as an enzyme inhibitor. an d hence as a 
growth ..inhibitor. The nature of its mode of action mll'he 
indicated by the capacity, of the natural m etabolite to act as 
an antagonist in a competitive jnanner^ 

Some confusion of thought has arisen from the above 
argument. Although a metabolit e analogue ma y act as a 
growth inhibitor by displacing the natural metabolite, it does 
noCI&llow— that -every— substance capable of reversing th e 
iphib * " '• T “' 7 1 

tho c ■ 
drug 

role of the antagonist, even when the drug-antagon ist relat ion- 
ship follows~all fKeTaws of competitive inhibition. Evidence 
for._thelnietaboli c_function of_a_dnig. antagonist mu st come 
from. studies on metabolism, rather than from s tudies on dru g 
antagonism. 

'The drug antagonisms of classical pharmacology were well 
recognised long before the subject became of immediate 
interest in the biochemical interpretation of chemotherapy ; it 
is not possible to give a detailed account of the work here, 
and the monograph by A. J. Clark (1937) should be consulted j 
as a guide to this field. “ Therapeutic interference ” was the 
term used by Browning to describe the reduction in trypano- t 
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relationship between sulphani lamidejand P.A.B. A. w hich is the 
substrate for the enzymic reaction in question.” Woods also 
suggestedThaftheT ulphonamid o resistance of som e organis ms , 
migb' ’ , ’ * ” 

suffit i' ' . 

5 

synthesis, rattier than, utilisation, of P.A.B.A. is disposed of 
by the existence of a competitive relationship between 
sulphanilamide and P.A.B.A. If synthesis, not utilisation, of 
P.AvB.A. were inhibited, the addition of a threshold quantity 
of P.A.B.A. to the medium would meet the needs of the 
organism and permit growth independently of the amount 
of sulphanilamide present ; such is not the case, and increase 
in concentration of sulphanilamide has to be met by a cor- 
responding increase in P.A.B.A. 

The anti-sulphonamide action of P.A.B.A. is evident in vivo 
as well as in culture media (Selbie, 1940). Mice infected with 
lethal amounts of Strep, hccmolyticus may bo protected by a 
dose of sulphanilamide which has no protective effect if 
P.A.B.A. is administered simultaneously. 

The suggestion as to the nature of the sulphonamide 
antagonist extracted from micro-organisms was confirmed 
by the isolation of P.A.B.A. from yeast extracts (Rubbo and 
Gillespie, 1940 ; Blanchard, 1941). P.A.B.A. was also found to 
exist in a bound form -as, a glutam ic acid peptidp (Ratner, 
Blanchard, Coburn and Green, 1944), a particularly interesting 
observation .in view of the recent elucidation of the structure 
of folic acid (p. 210) (Angier el al., 1946), 

It must be emphasised that the original observations of 
Woods on the antagonistic action of P.A.B.A. do not constitute 
evidence for the metabolic role of the antagonist. Evidence 
for the metabolic function of P.A.B.A. had to be sought after 
the suggestion of its possible metabolic importance had been 
made. It was soon shown to be a growth factor for Clostridium 
acdobutylkum (Rubbo and Gillespie, 1940), and later for 
Acelobactcr suboxydans, Lactobacillus arabinosus, Coryne- 
baclcrium diphtheria: and for certain strains of yeast. These 
observations naturally stimulated interest in and acceptance 
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concentrate, contained an amino derivative of an aromatic 
carboxylic acid. This antagonist was also show to be 
obtainable from various plant and animal tissues. It 
antagonised sulphanilamide in a competitive manner, since 
the ratio of the amount of antagonist to sulphonamide was 
constant for various sulphonamide concentrations (sec 
Table 12). 

Competition between substances of closely related chemical 
structure in enzymic reactions was already well recognised, 
and suggested to Woods that the active fraction of his extract 
was closely related in chemical structure to sulphanilamide. 
Accordingly, he tested a series of compounds related to sul- 
phanilamide for antagonistic action, and found -thaL^mino; 
benzoic acid__at_a_ concentration of 1*2 to 5*8xlO -8 M was 
sufficient to reverse the inhibition caused by 3*03 XHHM 
sulphanilamide. As with yeast extract s, there was a consta nt 
ratio between the concentration of sulpha nilamide and th e 
concentration of ^-aminobenzoic acid required .tojeve rse th e 
inhibition (Table 12). 


NH, 


NH« 

\ 


so 2 nh 2 cooh 

Sulphanilamide p-Aminobenzolc acid (P.A.B.A.) 

Of sixteen compounds related to p-aminobenzoic acid 
which Woods tested, only two, novocaine a nd p -h ydrox yl- 
aminobenzoic aci d p ossessed, antagonistic action comparable 
to p-aminobenzoic acid ; both these compounds might bo 
readily convertible to p- aminobenzoic acid by familiar 
T'ro m this evidence " W oods felt j us tified 
‘ natural ” antagonist occurring m 


biplogical~feacti brisT 
in suggesting that the 


yeaSf" and Bacterial “extracts wliich gave reactions fo r an 
aromatic — amino — acid was in lact jp-ammobenzoic acid 
(P.A.B.A.). He further suggcsted jthat P.A.B .A . .is an. essential 
metabolite and that ” th e enz ymic reacti on . involved in the 
fur ih^vtUisatiorro fJP^3^BJi..issiibject to competitive inh ibitio n 
by sulphanil amide and that th is in hibition is dtie to a struc tural 
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of Woods’ theory, but it was not possible to demonstrate the 
essential metabolic function of P.A.B.A. for all organisms 
which were sensitive to sulphonamides. Indirect evidence for 
the essential nature of P.A.B.A. was provided by recognition 
of its general distribution in animal, plant and bacterial cells. 
In many products, a considerable proportion was present in the 
“ bound ” form, and only released by autolysis or hydrolysis. 
To meet the difficulty of estimation of the very small quantity 
of P.A B.A. involved, an ingenious microbiological method 
was introduced by Mirick (1943). A strain of soil bacillus, 
isolated by growing on P.A.B.A. as the only source of carbon 
and nitrogen, produced an enzyme specifically adapted to 
oxidise P.A.B.A. A particularly striking confirmation of the 
essential metabolic role of P.A.B.A. was obtained by isolation 
of an X-ray mutant strain of Neurospora for which P.A.B.A. 
was an essential growth factor. The normal strain did not 
require P.A.B.A., but apparently was capable of synthesising 
its own requirements. The mutant strain had lost this capacity, 
without at the same time losing the need for P.A.B.A. as a 
component of its metabolic system (Tatum and Beadle, 1942). 

Before discussing other theories of sulphonamide action, 
it will be as well to summarise the agreed facts about the action 
of sulphonamides on living organisms. All sulphonamides 


N H, NH 2 



Sulphapyridtne Sulphadiozwe 


NH S 


CH, 

I 


V 


N CH 

1 I! 

SO.NH-C C-CH, 

\ N / 

Sulphamethazme 


NH 2 nh 2 



Sulphaihiazole Sulpboguanidinc 



b no more 
Locke, Main and Mellon (1938) 
hydroxy lami nobenzen esul phona mid 
as an inhibitor of catalase, t he e 
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to bo discarded because of the absence of complete competi- 
tive antagonism of hydroxylaminobenzenesulphonamide by 

P.A.B.A. 

One theory of the relationship between sulphonamides 
and P.A.B.A., that of Sevag and his colleagues must, however, ' 
be considered in detail (Sevag and Shelburne, 19426 ; Sevag^ . 
1946). This theory is based on the premise that P.A.B.A. 
is not an essential metabolite but a non-toxic analogue, able 
to displace sulphonamides non-specifically from any enzyme 
surface without itself inhibiting to the same extent the normal 
action of the enzyme concerned. It also differs from t he 


r espiratory -c nzYmes^tha-sulplionamides -are-said -to-depri ve_ 
cells of the energy-yielding .reactions^and_£o_o£_the_ejiergy 
necessary for cell d ivision and g rowth. It will be noted that 
this theory involves two distinct sections : (a) the nature of t he 
c omnetiti orL-b etween P.A.B.A. a nd_sulnbonamidear-and (6) the 
typo-o£_finzyme-inhibited — a point left entirely open in the 
Woods’ theory. 

Sulphonamido inhibition of bacterial respiration was found 
to bo proportional to sulphonamido inhibition of growth 
(Sevag and Shelburne, 1942a). Further, under suitable 
nutrient conditions, where organisms were able to respire but 
not to grow, respiration was inhibited to a lesser degree by 
sulphonamides than was the case with growing cells. P.A.B.A. 
reversed sulphonamido inhibition of respiration in low con- 
centrations (6x 10-* to 6 x I (MM), but in higher concentrations 
(12x KM to 35x1 (MM) was itself inhibitory. These results 
were interpreted by Sevag as indicating that a sulphonaraidc- 
sensitivo respiration existed, inhibition of which caused 


inhibition will only be applicable to those snlghonanude s 
p ossessing a free aromatic amino group . In_thi s connection , 
i t is of interest to note _ t h.i L organ ism.^xe ndered resistant t o 
sulphanilami de are resistant to ail oth er sulph onainides which 
are normal ly .antag onised hy P , A.B.A„ but are sus ceptib le to 
the sulphonamides not antagonised by P.A.B A . (see p. 250). 

It is generally accepted that sulphonamides act by inhibiting \ 
the growth of micro-organisms rather than by killing directly! 
(i.e. are bacteriostatic rather than bactericidal). 

• Sulphonamide inhibition is completely reversed by P.A.B.A. 
at all concentrations of sulphonamide. The amount of P.A.B. A. 
required to reverse the bacteriostasis is some thousand 
times lower than the sulphaiulamide concentration. T his is 
consistent with the theme developed in Chapter IV, p. 172, 

where *' ’ ” ■ ' ' ^greate r 

affinit • ’ ' becau se 

o f the 

As evidence in favour of the Woods’ theory accumulated, 
earlier theories as to the mode of action of sulphonamides 
had to be abandoned. In 1937 Mayer and Oechslin had 
suggested that sulphonamides owed their bacteriostatic effect 
to oxidation at the site of action to hydroxylaminobenzene 
v sulphonamides (Mayer, 1937 , Mayer and Oechslin, 1937). 


When it was established that P.A.B. A. could an tagQBbg 
c ompletely the th era peutic (i.e. bacteriostatic) action of 
sulphonamides in vivo, but could not preyent_the„bactenci(lal 
effects of hydroxylaminobenzenesulphonaim des in 
became apparent that the theory w as unt enable, and that 
in all probability hydroxylaminobenzenesulpHonamides were 
rapidly converted in vivo to aminobenzenesulphonamides. 
This would explain the observation th n kb y d rn yylarpino heMnn e- 
sulphanamides ace much ™nrr» ti ^tcrici ^lJkflpjsulpImnaniMcg 
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in vitr o but no more active in Jiivo. ^Thcjantj -natal ase theory of 
Locke, Main and Mellon (193S) assumed the existence o f 
hydroxylaminobenzenesul phonamide at th e site o f_jictlon 
as an inhibitor pr'eatalase, the enzyme responsible for the " ' 
^(^irucfrorTl)f^(a‘n'd'*prot ection of the cell from) any hydro gen 
peroxide-iormed . during .metabolism.^ This theory also had 
to be discarded because of the absence of complete competi- 
tive antagonism of hydroxylaminobenzenesulphonamide by 
P.A.B.A. 

One theory of the relationship between sulphonamides 
and P.A.B.A., that of Sevag and his colleagues must, however, 
be considered in detail (Sevag and Shelburne, 19426 ; Sevag^ ^ 
1946). This theory is based on the premise that P.A.B.A. 
is not an essential metabolite but a non-toxic analogue, able 
to displace sulphonamides non-specifically from any enzyme 
surface without itself inhibiting to the same oxtent the normal 
action of the enzyme concerned. It also differs from the 
Woods* theory in. s uggesting— that— certairu-sulphonamidos 

specifically inh ibit certain^respiratory^enzymes— to -.whose 

coenzym es tbey__are structurally related. By inhibiting 

r espirat o ry e nzymes— thQ-sulphonamides^ere-said.. bo ^deprive-- 
cells of the energy-yielding ,reactions„and_SO_of_the_energy 
necessary for cell divi sion .an d growth. It will bo noted that 
this theory involves two distinct sections : (a) the nature of t he 
c ompetit ion -b etween P.A.B A a nd sulphonamidesr-and (6) the 
type— of. enzyme-inhibited — a point left entirely open in the 
Woods’ theory. 

Sulphonamide inhibition of bacterial respiration was found 
to be proportional to sulphonamide inhibition of growth 
(Sevag and Shelburne, 1942a). Further, under suitable 
nutrient conditions, where organisms were able to respire but 
not to grow, respiration was inhibited to a lesser degree by 
sulphonamides than was the case with growing cells. P.A.B.A. 
reversed sulphonamide inhibition of respiration in low con- 
centrations (6 X 10~ 3 to 6 x 10 _4 M), but in higher concentrations 
(12xl0 -3 to 35x10-^1) was itself inhibitory. These results 
were interpreted by Sevag as indicating that a sulphonamide- 
sensitivo respiration existed, inhibition of which caused 
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stoppage of growth ; also that P.A.B.A. was not an essent ial 
metabo lite but sim p ly a less toxic chemical analogue of 
sul R 1 1 

Evil 

migt . _ ’ ■■ I . :l 

invo ■ • ■ ’ N " V 


1940 ; Dorfman and Koser, 1942). When the dysentery 
bacillus was grown in a synthetic medium deficient in nicotin- 
amide and respiration was stimulated by addition of 
nicotinamide, this stimulated respiration was inhibited by 
sulphapyridine or sulphathiazole but not by sulphanilamide, 
sulphadiazino, sulphapyrazine or sulphacetamide. The in- 
hibition was not reversed by P.A.B.A., but was prevented by 
nicotinamide, if it was added prior to the sulphonamide. In 
view of the isosterism between lh s_ pvridine and thiazole ring s 
(Schmelkes, 1939 ; Tracy and Elderfield, 1940) the similar 
a ction of sulpliapyridine and gulphath iazgla gaaioJ^ e-expccted 
(see also p. 218). 

V Sevag and his colleagues carried these observations further 
by showing that bacterial enzymes decarboxylating pyruvic 
acid ( carboxylases! were partially inhibited by sulphonamides, 
and that su' ” ’ ' ” ' ' / rela ted 

ch emically ' " ’ exerted 

the greates s l Mudd,' 

1942, 1945 ; Sovag, Henry and Richardson, 1945). Co- 
carboxylase antagonised in a competitive manner the inliibition 
by sulphathiazole of carboxylase activities of whole yeast, 
Staph, aureus or Escherichia coli. P.A.B.A. was able to reverse 
the inhibitory action of sulphathiazole on carboxylase activity 
of S. aureus and E. coli, despite the fact that in this reaction 
it could not possibly play the role of substrate. On the other 
hand, P.A.B.A. had no antagonistic effect on the inhibition 
of carboxylase by acetaldehyde. These results showed that 
P.A.B.A., in the particular case under examination, JmcL&- 
non-specific ability to protect an enzyme from the inhibit ory 
effect of a sul phonam ide. This non-specific antagonistic 
"relationship ' between sulphanilamide and P.A.B.A. is also j 
shown in a simpler physical system. The adsorption of 
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methylene blue by charcoal is inhibited by sulphanilamide ; 
in the presence of P.A.B.A., sulphanilamide loses its inhibitory 
action (Eyster, 1943). 

Parallelism between sulphonamide structure and degree 
of inhibition of respiratory enzymes through competition with 
coenzymcs has not been oxtended by more recent work^ 

(Altman, 1946). 7 ' 7 '"hen- 

ferment) was cor . . _ . , but 

t o q, lfissflT extent by sulphapyridin e. sulpha thiazolo or sulp ha- 
diazin e. The enzyme could be protected by tho presence of 
either coenzyme (triphosphopyridine nucleotide) or substrate, 
but in their absence, sulphanilamide formed n.n irreversible 
complox. Moreover, P.A.B.A. exerted no protective effect 

Since sulphonamides exert their therapeutic effect by 
preventing growth of micro-organisms, any satisfactory theory 
of their mode of action must bo based upon results obtained 
from studies on bacterial growth. In general, Sevag’s 
respiration studies were confirmed by experiments on growth, 
but these experiments havo been criticised because of the high 
concentrations of sulphonamides used. A more serious 


difficulty is that several cases have been reported whero effect 
of a sulphonamide on growth is not paralleled by its effect 
upon respiration. Th e inhibi tion of respiration ofjixcmaly tic 
s treptococci by sulphanilam ide is noLgreaterjfchanJ^he_inhibition 
of respiration of Staph, aureus b y _the sam e concentra tion 
of drug, although _t he-fi rowth __pLJuomolytic^streptogQcci_is 
m ore readily inhibited than the growth of Staph, aureus (Wyss, 
Strandskov and Schmelkes, 1942). Moreover, t he ninohiimmi de - 
stimulated respiration of dysentery bacillus was inhibited by 
sulphapy ridine but— not_by— sulphanilamide ; growth was, 
however, i nhibited by sulphanilamide as well as bv suln ha- 
pyridine._ The inhibition of growth by sulphapyridine or 
sulphanilamide was completely antagonised by P.A.B.A., but 
the inhibition of respiration caused by sulphapyridine was not 
reversed by P.A.B.A. (Dorfman, Rice, Koser and Saunders, 
1940 ; Dorfman and Koser, 1942). Additional difficulties are 
raised by other observations ; acetylation of sulphapyridine 
lowered its growth-inhibitory effect without lowering its effect 
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as an inhibitor of respiration. The growth of a strain of 
Escherichia coli rendered xesistant to sulphonamides was 
inhibited to the extent of 50 per cent, by 0-0044M sulphanil- 
amide, while in the parent strain growth was inhibited to the 
same extent by 0-00024M sulphanilamide; despite this 
difference in growth-sensitivity, the respiration of both strains 
was inhibited to the same extent by 0-04M sulphanilamide 
(Wyss, Strandskov and Schmelkes, 1942). Respiration of 
“ P.A.B.A.-less ” Neurospora mutants and of the normal 
parent strain was unaffected by all concentrations of sulphanil- 
amide, although growth was inhibited in both cases (Tatum 
and Giese, 1946). 

This lack of parallelism between the inhibitory actions of 
sulphonamides on growth and on respiration has its counterpart 
in the acridine series. Ferguson and Thome (1946) found that 
with Escherichia coli the order of activity of several acridine 
derivatives in inhibiting growth was not the same as their 
order in inhibiting oxidation of various substrates. It appears 
that the bacteriostatic action of drugs is not dependent mainly 
on inhibition of oxidative energy-producing reactions ; it is 
more likely that reactions closely connected with synthetic 
processes are inhibited (see p. 184). Tatum and Giese (1916) 
observed that germination of Neurospora conidia is much 
more sensitive to the inhibitory action of sulphanilamide than 
is the growth of actively-growing cultures. They suggest 
that in conidia, enzymes are present in low concentrations 
and active synthesis is required for growth ; whereas in 
growing mycclia, the enzymes are already present in larger 
amounts. 

Sevag’s suggestion is that P.A.B.A. might be non-specific 
in itB action and owe its sulphonainide-antagouistic action to 
its ability to displace sulphonamides from surfaces upon 
which they were adsorbed, without itself being an essential 
metabolite or playing any part in essential enzymic processes 
of the cell. While this point of Anew must be regarded as quite 
legitimate, there is absolutely no doubt that P.A.B.A. doos 
play some vital function in growth and cellular metabolism. 
There is evidence also that in some cases sulphonamido- 
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resistant organisms do synthesise P.A.B.A. in greater amounts 
than their parent strains (Landy and Gcrstung, 1944 ; Landy, 
Larkum, Oswald and Streightoff, 1943). P.A.B.A. is also 
unique in that it is capable of antagonising completely the 
bacteriostatic effect of many sulphonamides over a wide 
range of concentration ; none of the respiratory coenzymes 
has a comparable effect. The P.A.B.A. reversal of inhibition 
of carboxylase activity caused by sulphatliiazole is not 
invariably complete (Sevag, Henry and Richardson, 1945). 
The observation of Sevag that P.A.B.A. can itself act as an 
enzyme inhibitor and a growth inhibitor in high concentrations 
is not inconsistent with the known facts of enzymology, since 
in many cases when substrate concentration is increased 
beyond a certain point the substrate acts as an inhibitor. 

Other metabolite analogues such as pyrithiamine, gluco- 
ascorbic acid, etc. (see p. 220), when fed to animals produce 
symptoms which can be ascribed to interference with the 
normal function of the related metabolite. Sulphatliiazole 
does not produce symptoms of co-carboxylase deficiency in 
higher animals. The usual finding after feeding of sulphon- 
amides to laboratory animals is inhibition of bacterial growth 
in the intestine with a resulting deficiency of factors believed 
to be obtained by animals from bacterial synthesis in the 
intestine, such as biotin and vitamin K (Daft and Sebrell, 
1945) ; deficiency symptoms are relieved by feeding of these 
factors. The only clearly defined toxic reactions to large 
doses of sulphonamides in man are granulocytopenia and 
leucopenia. It is suggestive that folic acid seems to be 
particularly concerned with the reproduction of bone marrow 
cells, and that sulphonamides, which may prevent synthesis 
of folic acid, cause failure of bone marrow cell reproduction. 
Evidence for a relationship between sulphonamide inhibition 
and folic acid synthesis is discussed more fully in succeeding 
sections. 

The evidenco discussed so far would seem to leave the 
original suggestion of Woods that sulphonamides act in virtue 
of their similarity to an essential metabolite, viz. P.A.B.A., 
as the only satisfactory theory for the mode of action of these 
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drugs. Some sulphonamides do Inhibit respiratory enzymes, 
but this may be a secondary rather than a primary action. 
There is no reason to suppose that bacteriostatic agents always 
act on a single stage in ike chain of enzymic reactions involved 
in cell metabolism ; some sulphonamides may act on one 
stage only, others may be capable of inhibiting several. The 
evidence collected by a number of investigators on the 
quantitative relationship between sulphonamide inhibition and 


P.A.B.A. antagonism does suggest, h oweve iuthat-alLsul plion- 
a mides possessing a free r> ri m a ry aromatic amino group ar e 
caught un in cellular metabolism at. at least, one common 


point. Bradbury and Jordan (1942), from a study of the 
electrokinetic mobility of suspensions of Escherichia coli in 
dilute solutions of either sulphonamides or P.A.B.A., con- 
cluded that all the bacteriostatic sulphonamides and P.A.B.A. 
affected electrokinetic mobility in the same way, and were 
probably adsorbed in the same way by the cell; whereas 
inactive related compounds such as aniline and 771 -aminobenzene 
sulphonamide behaved quite differently. Fox and Hose 
(1942) found that although the bacteriostatic potency of various 
sulphonamides varied over a wide range, the amount of 
P.A.B.A. required to antagonise the minimal effective con- 
centration (M.E.C.) of drug was constant (see Table 13). 


Table 13 

Minimum effective concentration of sulphonamides and amount 
of P.A.B.A. required to antagonise this concentration 
(Fox and Rose, 1942) 

M.E C. Amount P.A.B.A. for Reversal of 
(M x 10'*) Baeteriostasis (M X 10'*)- 
Sulphamlamide . . 2500 0-5 

Sulphapyridme 20 0 5 

Salphathiazole . 4 0-5 

Sulphadiazme ... 4 0-5 


It is difficult to interpret such observations in any other 
light than that suggested above, namely, the identity of one 
primary site of action of all sulphonamides antagonised by 
P.A.B.A. Such quantitative studies, however, do not help to 
elucidate the liner point as to the nature of the system 
inhibited, although they have been extremely useful in 
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correlating structure with antibiotic action among sulphon- 
amides (see Chapter VII). It is not possible at present to do 
more than guess at the nature of the enzyme system actually 
involved, because as pointed out in an earlier chapter, we are 
largely ignorant as yet concerning the synthetic processes 
going on in living cells. 

S.ul/phonamide antagonists other than P.A.B.fl . 

Further complexity has been added to the problem of 
sulphonamide action by the array of so-called secondary 
sulphonamide antagonists. In discussing these, it must be 
emphasised that were a single enzymic reaction of a living cell 
inhibited by a drug, the results would extend along a whole 
chain of inter-related enzyme systems. This would result in 
various aberrations of normal metabolism, each subject to 
further modification or restoration by addition of intermediate 
metabolites to the nutritive medium. 

At least four general types of sulphonamide antagonist may 
beHsted: - 

(1) Essential metabolites which are displaced or replaced 

by sulphonamides, e.g. P.A.B.A. 

(2) Substances which, when added to a nutritionally poor 

medium, increase rate of growth and so mask 

s ulphonamide in hibition in a n on-s pecific way ; 

glucose may act in this way in suitable media. 

(3) Compounds which combine with sulphonamides and 

render them unavailable for bacteriostasis, e.g . 
proteins , urethane. 

(4) Metabolites normally synthesised by the cell in 

reactions secondary to, and dependent upon, a 
primary reaction which is inhibited by sulphonamides, 

e.g. methionine. 

The first type of antagonist we have already discussed ; 
to the second group belong all those substances which cannot 
be shown to act in any specific way. "When drug antagonism 
is observed, the antagonist can be placed in this category 
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until it has been shown by experiment to belong elsewhere. 
It is_weUJmo 3 £ n that sulphona mides.,. are_more_ effective 
ba cteriost atic — agents — the_ more unfavou rable the cellular 
environmen t. It is often necessaryjo make_careful quantitative 
e xperiments before it is po ssible— tQ—demonstrate., tli.it ^an 
a pparently sppcjficjantagQiusm^sjdu e to n on-specifid-growtli 
stimulati on. Johnson, Eyring and Kearns (1943), using 
luminescent bacter ia, studied the effect of various media on 
sulplionamide inhibition of luminescence and concluded that 
pepton e and glucose and possibly arg inipe, hypoxanthine and 
serum acte d by stimulat ing^Iuminescence rather than by 
antagonising sulphonamide. Green and Bielschowsky (1942), 
in their study of the sul phonamide-antagonistio “ p ” fact or, 
concluded that it contained, in addition to the specific 
a ntagonist P.A.B.A ., an unknown non-specific growth stimu- 
lantT The apparent sulphonamide antagonism shown by 
nicotinami de, nicotinic aci d or cozvmase fov^Sfavh..ji ure.us 
may have been due to a non-sp ecifiq^growth^stimulatory 
effect ; in cultures of Escherichia coli where these substances 
failed to stimulate growth, they also failed to influence the 
bacteriostatic action of sulphonamides (Wood and Austrian, 
1942). Pe ptone and yeast extracts e xercised some antagonis tic 
effect by growth stimulation of^?. coli (Rantz and Kirby, 
1944). Even physical factors such as temperature may alter 
significantly the degree of s ulphonamide inhibition (Johnson, 
Eyring and Kearns, 1943). 

The third type of antagonism which we have listed, 

3 combination of antagonist with drug, may occasionally be 
obvious from inspection of the chemical nature of drug and 
antagonist, but more subtle grades of combination antagonism 
also exist. Kimmig and Weselmann (1941) showed by cata- 
phoretic methods th at all sulphonamides were adsorbed bv^ 
serum albumin bu t not_b v serum globu lin. Davis confirmed 
that n rote?ns_cor ? .partially 
prevent their dia l.. ‘ • ‘ _ies. In 

normal human plai _ ’ ■ "" 3 extent 

of 20 per cent,, sulphapyritline 40 per cent., sulphadiazine 
55 per cent, and sulphatliiazole 75 per cent. ; however, the 
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free p-a mino group is not essential for protein binding althou gh 
it is known to be , essentialJbr_b ac teriostatic_action (Davis and 
Wood, 1942 ; Davis, 1942, 1943). 

Urethane and the related barbiturate nembutal exert a 
marked sulphonamide antagonism which is difficult to account 
for on any structural analogue basis. The action is not 
competitive and is only functional at low concentration 
(Mclhvain, 1942a). Johnson and his colleagues have made 
a quantitative study of the urethane antagonism of sulphon- 
amide inhibition of luminescence in luminescent bacteria, 
and concluded that, in this system, urethane formed wit h 
sulphanilamide an inactive complex (Johnson, Eyring and 
Kearns, 1943). 

t The fourth important group of sulphonamide antagonists 
other than P.A.B.A. includes amino acids, thymin e and 
juinaes^ Methionine CH 3 .S.CH 2 .CH 2 .CH(NH 2 ).COOH was 
recognised as a sulphonamide antagonist by Harris and 
Kolm (1941), also by Bliss and Long (1941). Besides being 
an essential amino acid for higher animals, methionine is an 
essential constituent of media for certain strains of diphtheria 
bacillus (Mueller, 1935), for some streptococci (Smiley, Niven 
and Sherman, 1943), for Clostridium sporogenes (Fildes and 
Richardson, 1935) and for some strains of lactic acid bacteria 
(Dunn et al., 1947). It does not seem to act as a sulphon- 
amide antagonist by virtue of its growth-promoting properties ; 
other amino acids such as cystine or tyrosine, which on the 
same media have greater growth-stimulating effect, have no 
sulphonamide-antagonistic properties. Reversal of sulphanil- 
ami de bacteriostas is bv-methionine-camonlv. be_ndueved at 
lo w, con centration —of— sulphanilamide. so that methionine 
cann ot be a competitive antagonist disp lacingjmlphanilamide 
from ifcs,sitc_o£-action» Other amino acids, such as glycine, 
d . 1-serin e and d . 1-allothreonine, do not antagonise sutpKanil- 
amide bacteriostasis by themselves, but each enhances the 
antagonistic action of methionine. G uanine .and xanthin e 
also enhance_th e, methionine anta g onism of sulphanilam ide, 
but, in the absence of methionine, both are without antagonistic 
action and indeed enhance sulphonamide bacteriostasis. 
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There would appear to he some unknown relationship between 
P.A.B.A, , methionin e and p urine metabolis m. 

Attempts to elucidate the metabolic function of methionine 
in E. coli have not given much information. It is not oxidised, 
decarboxylated, deaminated or hydrolysed by washed suspen- 
sions of the organism, and cannot replace ammonium ion 
in the basal medium. It only becomes a growth factor when 
the organism is repeatedly subcultured in a medium containing 
sulphanilamide and methionine (Kohn and Harris, 1942). 
These observations are difficult to interpret, particularly as 
results with other species of organism under other experimental 
conditions do not always agree. Much of the hesitation in 
accepting the simple and straightforward suggestion of Woods 
as to the relationship between P.A.B.A. and sulphonamides, 
can probably be ascribed to confusion introduced in attempts 
to explain these observations. 

Kohn (1943) has suggested that his observations can be 
explained by an extension of Woods’ theor y. "When sulphon- 
amides interfere wit h P.A.B.A. metabolism , they are said to 
prevent formation of metabolites whose synthesis is subsequent 
to, and dependent upon, proper functioning of the P.A.B.A. 
system. He visualises the process in the case of Escherichia 
coli according to the following scheme (Fig. 21) : — 


Primary reaction 
P.ABA| 


( Methionine 
Xanthine 
Glycine 
Guanine 
etc. 


(?) 


Secondary reaction 

Products 
essential for 
GROWTH 


Point of 
sulphonamide 
action 

Fig. 21.— Mode of action of BuIphonamide3 (Kohn, 1943). 


The primary reactions in which P.A.B.A. takes part, 
together with various substances of unknown nature, can be 
inhibited by sulphonamides, some reactions being more 
sensitive than others. The cell is regarded as dependent upon 
the proper functioning of these reactions for its supply of 
secondary metabolites such as methionine. These in turn are 
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supposed- to be necessary for secondary reactions involving 
formation of still furt her metabol ites, 'in the absence fl£ which 
growth is not possible. If only one of the primary reactions is 
uniiBrtedTsaythat responsible for methionine supply, then 
growth can bo restored by supplementing the nutrient medium 
with methionine. 

These views have gained support from various observations. 
With Escherichia coli, sulphonamide bacteriostasis is directed 
against growth rather than against respiration. Ethionine, 
C 2 H 5 . S . CH 2 . CHj . CH(NH 2 ) . COOH, the higher homologue of 
metliionine, inhibits growth of E. coli on a synthetic medium ; 
its effect is completely reversed by one-tenth of its concentra- 
tion of methionine (Harris and Kohn, 1941). Methoxinine, 
CH 3 .O.CH a .CH z .CH(NH 2 ).COOH, the oxygen analogue of 
methionine, was also growth inhibitory for E. coli, the 
growth-inhibitory effect being prevented by Z-methionine but 
not by the d-isomer (Roblin, Lampen, English, Cole and 
Vaughan, 1945). Purines in high concentration were able to 
replace P.A.B.A. in the nutrition of Clostridium acelobutylicum 
(Housewright and Koser, 1944) ; with Acetobacter suboxydans, 
which also requires P.A.B.A. as a growth factor, addition of 
purines to the growth medium increased growth at low 
P.A.B.A. concentrations, but not at high concentrations 
(Landy and Streightoff, 1943). 

Strong support of Kohn’s theory also comes from a study 
of the nutritive requirements of a strain of Escherichia coli 
produced by exposure of a normal strain to X-rays. The 
variant strain required P.A.B.A. as a growth factor, but 
growth response to P.A.B.A. was enhanced by the presence 
of amino acids, of which the most important was methionine. 
In the absence of amino acids, purines delayed growth, but 
in their presence purines promoted growth. In the presence 
of both amino acids and purines, the P.A.B.A. requirements 
fell from 0‘0012y per c.c. to O-OOOlly per c.c. Thymine was 
practically inactive alone, but in the presence of purines it 
supported slow growth. A medium containing thymine, 
purines and amino acids enabled the organism to dispense 
altogether with P.A.B.A. In this medium both the parent 
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strain and the variant were highly resistant to sulphonamides 
(Lampen, Roepke and Jones, 1946). 

The amount of sulphanilamide required for maximum 
growth inhibition of Lactobacillus arabinosus in the presence 
of adenine or other purines was ten times that required in the 
absence of purines (Shive and Roberts, 1946). Metliionine 
was without effect as a sulphanilamide antagonist for this 
organism, either in the presence or absence of purines. With 
Escherichia coli , on the other hand, methionine by itself 
showed some antagonism, while purines had no effect ; a 
mixture of metliionine and xanthine or guanine raised the 
sulphonamide concentration necessary for inhibition by a 
factor of ten. The P.A.B.A. analogue, 4-amino-2-clilorobenzoic 
acid, acted as a growth inhibitor antagonised competitively by 
P.A.B.A., but was inactive in the presence of methionine. 

These results all suggest that P.A.B.A. is part of a cellular 
mechanism for the synthesis of purines, certain amino acids 
and possibly pyrimidines, and that the synthesis of these 
essential metabolites is prevented by sulphonamides. 

Essential metabolites as non-com yeliti vc drug .a ntagonists 

The antagonism of sulphonamides by the combined action 
of amino acids, purines and pyrimidines is non-competitive, 
and probably takes place through replacement of an intra- 
cellular source of metabolite by an extracellular supply- 
Other examples of non-competitive reversal of growth inhibition 
which have been recognised can also be explained on this basis. 

Pildes (1941, 1945) showed that tryptophan is an essential 
metabolite for many bacteria, some of which are capable of 
synthesising their requirements from indole. Indolcacrylic 
acid is an effective inhibitor of growth in an indole medium, 
but the inhibition can be completely reversed by addition to 
the medium of a small quantity of tryptophan. The relation- 
ship is non-competitivo since the same amount of tryptophan 
is required to restore growth irrespective of the concentration 
of indoleacrylic acid, a fivefold increase in indoleacrylic acid 
necessitating no further increase in tryptophan. Indoleacrylic 
acid was shown to prevent the synthesis of tryptophan which 
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probably occurs by condensation of indole with serine. 
Addition of preformed tryptophan to the medium allows an 
es sential enzymic process related t o _grpjYth_to_procced, ^despite 



Indole Indaleacryhc acid 




NH, 

c:h coo 


\n/ 

h 

Tryptophan 


tho inability of the organism to synthesise tryptophan. Various 

” ’ ’ ’ ’ W'-And— tryptQphfvmJnhibit 

hero again tho effect is 
Yptoph an. Indole itself 
anta gonises in a com petitive-manner (Fildes and Rydon, 1947). 

Tins" examplo differs somewhat from tho sulphonamide 
methionine relationship' where antagonism is competitive 
over a small range and incomplete at higher sulphonamide 
concentrations. It is closely analogous to the effect observed 
by Lampen (p. 205) with an “ aminobenzoic-less ” mutant of 
Escherichia coli whose growth in absence of P.A.B.A. was 
completely restored by a mixture of thymine, purines and 
amino acids and was then no longer susceptible to inhibition 
by sulphonnmides. 

A further example of non-competitive antagonism reported 
by Beerstechcr and Shive (1947 a and b) seems to have a similar 
basis. Tv rosine had no effect on th e bnnteriostatin action of 
ff- hydroxvphe nyIalamne.which_inhibited^i?.3C>kmc/dg~ coli by 
competition with phenyla lanine, it did reverse the bacteriostatic 
action of thienylalanine, which also competed with phenyl- 
alanine. App arently, phenylalanine is_nccessa ry - for_afr-Ieast 
two different types of reaction in E. coli ; one of these is 
in hibited by /Miydroxyphenylalanine and .produc es un known 
products ; the other is inhibited b y thien ylalanine and is 
normally required by the cell Tor synthesis of*tyrosine. If 
free tyrosine is supplied in the medium, the organism no 
longer requires an enzyme system for synthesis of tyrosine, 
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strain and the variant were highly resistant to sulphonamides 
(Lampen, Boepke and Jones, 1946). 

The amount of sulphanilamide required for maximum 
growth inhibition of Lactobacillus arabinosus in the presence 
of adenine or other purines was ten times that required in the 
absence of purines (Shive and Roberts, 1946). Methionine 
vr.as without effect as a sulphanilamide antagonist for this 
organism, either in the presence or absence of purines. With 
Escherichia coli, on the other hand, methionine by itself 
showed some antagonism, while purines had no effect; a 
mixture of methionine and xanthine or guanine raised the 
sulphonamide concentration necessary for inhibition by a 
factor of ten. The P.A.B.A. analogue, 4-amino-2-chlorobenzoic 
acid, acted as a growth inhibitor antagonised competitively by 
P.A.B.A., but was inactive in the presence of metliionine. 

These results all suggest that P.A.B.A. is part of a cellular 
mechanism for the synthesis of purines, certain amino acids 
and possibly pyrimidines, and that the synthesis of these 
essential metabolites is prevented by sulphonamides. 

Essential metabolites as non-comp etit i ve drug an tm onists 

The antagonism of sulphonamides by the combined action 
of amino acids, purines and pyrimidines is non-competitive, 
and probably takes place through replacement of an intra- 
cellular source of metabolite by an extracellular supply. 
Other examples of non-competitive reversal of growth inhibition 
which have been recognised can also be explained on this basis. 

Tildes (1941, 1945) showed that tryptophan is an essential 
metabolite for many bacteria, some of which are capable of 
synthesising their requirements from indole. Indoleaciylic 
acid is an effective inhibitor of growth in an indole medium, 
but the inliibition can be completely reversed by addition to 
the medium of a small quantity of tryptophan. The relation- 
ship is non-competitive since the same amount of tryptophan 
is required to restore growth irrespective of the concentration 
of indoleaerylic acid, a fivefold increase in indoleacrylic acid 
necessitating no further increase in tryptophan. Indoleacrylic 
acid was shown to prevent the synthesis of tryptophan which 
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Presumably imidazolidonecaproic acid competes with desthio- 
biotin and prevents its conversion to biotin. Such an inter- 
pretation is confirmed by the fact that biotin also antagonises 
imidazolidonecaproic acid, but in a non-competitive manner 
(Rogers and Shive, 1947 ; Dittmer and du Vigneaud, 1947). 

Methionine sulphoxide has been investigated as a growth- 
inhibitory analogue of glutamic acid. The sulphoxide 
apparently prevents amidation of glutamic acid to glutamine 
since it is antagonised non-competitively by glutamine 
(Waelsch, Owades, Miller and Borek, 1946). Support for this 
view is provided by the report of Elliott and Gale (1948) that 
the enzyme system of Staph, aureus which converts glutamic 
acid to glutamine is inhibited by methionine sulphoxide, 
inhibition being competitive with respect to glutamic acid. 

CH 3 .SO.CH 2 .CH 2 .CH(NH,) COOH 

Methionine su/phoxMe 

HO.CO.CH 2 .CH 2 .CH(NH 2 ).COOH 

Glutamic aad 

NH 3 .CO.CH 2 .CH 2 .CH(NH 2 ).COOH 

Glutamine 

Folic acid and the site of sulyhonamide inhibiti on 

The above examples make it apparent that antagonism of 
a bacteriostatic substance may be achieved either by adding 
a metabolite which can compete with the drug at a reactive 
centre, or alternatively by supplying the product which 
cannot be synthesised in the presence of drug. In the first case 
only, the relationship will have the characteristics of 
competitive inhibition. 

If these principles are borne in mind, recent studies of the 
relationship of pteroylglutamic acid (folic acid) to sulphon- 
amide inhibition indicate one site of action of sulphonamides 
(Lampen and Jones, 1946 a and 6). We have already noted 
(Chapter III) that growth of some organisms in the presence 
of P.A.B.A. is accompanied by folic acid synthesis. Miller 
(1944) noted that, when bacteria' were grown in sub-inhibitory 
concentrations of sulphonamide, the amount of folic acid 
synthesised was markedly reduced. Disclosure of the chemical 

0 
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and is accordingly no longer susceptible to inhibition by 
thienylalanine (Pig. 22). It should be noted that this scheme 
is based on the assumption that phenylalanine is a precursor 
of tyrosine for E. coli ; this does not agree with work of 
Simmonds, Tatum and Fruton (1947) on two mutant strains 
of E. coli. These workers suggest that the mutants do not 
synthesise tyrosine from phenylalanine. 
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by thienylalanine 's 
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inhibited by 
p-hydroxyphenylataninc 


PHENYLALANINE 
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inhibited by 
indoleacryhc acid 


Fia. 22.— -Non-competitive antagonism m ammo acid utilisation. 


Another example of antagonism by two closely-related 
metabolites, one a competitive and the other a non-competitive 
antagonist, may be cited from the field of biotin chemistry 
(cf. p. 142). Imidazolidonecaproic acid (I) is growth-inhibitory 
for several micro-organisms, and is antagonised competitively 
by the biotin precursor desthiobiotin (II). 
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bacteriostatic action of sulphonamides in several organisms, 
it cannot replace P.A.B.A. as a growth factor for Lactobacillus 
arabinosus (Sarett, 1947) or for the “ aminobenzoic acid-less ” 
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Fia. 23. — Mode of action of Bulphonanudes. 


Products 
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mutant of Escherichia coli studied by Lampen, Roepke and 
Jones (1946). This probably means that P.A.B.A. has several 
functions besides pteroylglutamic acid synthesis (c/. Chapter 
III). 

Detailed study of pteroylglutamic acid analogues as growth 
inhibitors has provided confirmatory evidence for the modo 
of action of sulphonamides. 7-Methylfolic acid, the homologue 
of pteroylglutamic acid with an additional’ methyl group at 
position 7 in the pterin ring, acts as a folic acid displacing agent 
(Martin, Tolman and Moss, 1947 a and 6). With Staph, aureus, 
the growth-inhibitory action of 7-methylfolic acid was 
counteracted by P.A.B.A , by pteroylglutamic acid and by 
pteroic acid or even by sulphathiazole, but not by glutamic 
acid or by p-aminobenzoylglutamic acid. The inhibitory 
action of sulphathiazole against this strain of staphylococcus 
was antagonised by P.A.B.A., or by pteroic acid but not by 
pteroylglutamic acid. This last observation is unexpected. 
Martin, Tolman and Moss (19476) suggest that pteroic acid and 
not pteroylglutamic acid is involved in staphylococcus meta- 
bolism ; this conclusion requires further support before it 
can bo considered as established. A group of synthetic 2 : 4- 
diaminopteridines has also been tested for growth-inhibitory 
action and as pteroylglutamic acid displacing agents against 
several micro-organisms ; some possessed antibacterial activity 
which was antagonised competitively by pteroylglutamic 
acid (Daniel, Norris, Scott and Heuser, 1947 ; Daniel and 
Norris, 1947). We have already seen that sulphathiazole 
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structure of folic acid as pteroylglutamic acid (formula below) 
suggested that sulphonamides might displace P.A.B.A. from 
the enzyme surface on which the pteroylglutamic acid molecule 
was fitted together. 


^b, 


H 2 N— C 2 c 

Klj C i-CH^N 

L 

pterin moiety P.A.B.A. moiety 


% 


N H— C— CHj— CH 4 — COC 
drooH 


glutamic odd moiety 


pteroyl radical 

Pteroylglutamic acid ( folic acid) 


Lampen and Jones found that growth of Strep, fcecalis 
and Lactobacillus casei in the presence of pteroylglutamic acid 
was insensitive to sulphonamides. Strains which were able to 
synthesise pteroylglutamic acid were found to be sensitive to 
sulphonamides under conditions where they were forced to 
synthesise this essential metabolite, but insensitive when it 
was supplied in the medium. A competitive inhibition occurred 
between sulphadiazine and P.A B.A. or between sulphadiazine 
and p-aminobenzoylglutamic acid, but the antagonism of 
sulphadiazine by pteroylglutamic acid was non-competitive. 
Thymine also antagonised in a non-competitive manner. The 
same relationship was found with other sulphonamides and 
indicates that sulphonamides compete, in these organisms, 
with P.A.B.A. for an enzymic mechanism involved in the 
conversion of P.A B.A. to pteroylglutamic acid. 

These results, taken in conjunction with the results on 
amino acid and purine antagonism of sulphonamides, and 
with the demonstration that amino acids, purines and pyri- 
midines can replace P.A.B.A. in the growth medium of 
*' P.A.B.A. -exacting ” organisms, suggest that Kohn’s scheme 
(Fig. 21) may he very tentatively extended as follows (Fig. 23). 

At present the exact relationship between pteroylglutamic 
acid and amino acid, purine and pyrimidine synthesis is 
obscure. Although pteroylglutamic acid antagonises the 



DRUG ANTAGONISM 


213 


amides, by suggesting that the primary reason for the effective- 
ness of snlphonamides in preventing growth of certain patho- 
genic bacteria resides in the need of those bacteria to synthesise 
OH OH 

hA = C— CHO + NH a <^ ^CO.NH.CH.COOC a H 5 

<!:h 2 .'ch 3 .cooc 2 h 5 
i n 



pteroylglutamic acid 


pteroylglutamic acid or a similar compound. This makes it 
apparent, also, why sulphonamides do not inhibit effectively 
all bacteria. An organism which does not carry out this 
synthesis, but depends instead on its environment for a 
supply of folic acid, will not be inhibited to the same extent 
by sulphonamides. It should be kept in mind, however, that 
any sulphonamidc may have several secondary sites of 
inhibitory action which becomo obvious in those organisms 
which do not synthesise folic acid. 

Antagonists and sulphonamidc therapy 

Besides their interest as pointers to the mode of drug 
action, sulphonamido antagonists are of considerable practical 
importance, and account for differences observed between the 
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reduced synthesis of pteroylglutamic acid. Diaminopteridines 
enhanced sulphonamide bacteriostasis in organisms which 
normally synthesise pteroylglutamic acid. 

Two further links in the chain of evidence relating sulphon- 
amide inhibition with failure to synthesise pterins and purines 
may be mentioned. It has been known for some time (Fox, 
1942 ; Stetten and Fox, 1945) that an aromatic amine 
accumulates in the medium when Escherichia coli is grown in 
a synthetic medium containing salts, amino acids, glucose and 
sulphonamides. In the presence of sufficient P.A.B.A. to 
block sulphonamide action the amine is not formed. Stetten 
and Fox suggested that the amine might be an intermediate 
in some metabolic reaction which was blocked by sulphonamide. 
The amine has now been identified as 5-amino-4-imidazole- 
carboxyamide, a possible precursor of purines (Shive et al., 
1947), and has been shown to bo formed in amounts directly 
proportional to the glycine content of the medium (Ravel, 
Eakin and Shive, 1948). 

A second line of evidence derives from the suggestion that 
sulphonamides prevent bacterial growth by displacing P.A.B.A. 
from combination with glucoreductone (O’Meara, McNally 
and Nelson, 1947) Forrest and Walker (1948 a and 6) have 
found that under suitable conditions condensation between 
triamino-hydroxypyrimidine and glucose gives rise to a 
pterin with an absorption spectrum essentially the same as 
that given by the pteroyl radical of pteroylglutamic acid; 
moreover, glucoreductone (I below) condenses readily with 
the ester of p-aminobenzoylglutamic acid (II) to give III. 
This condensation product combines readily with 2:4:5- 
triamino-6-hydroxypyrimidine (IV) to give pteroylglutamic 
acid (Angier ef al., 1948). 

Essentially similar results have been obtained independently 
by Forrest and Walker (unpub.). 

These results indicate that Kohn's scheme, Fig. 23, might bo 
still further modified, the term pterin being replaced by 
triammobydroxypyrimidinc-f-glucoreductone. 

From all these lines of evidence, we may sum up the present 
state of knowledge regarding the mode of action of sulphon- 
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amide group produced a bacteriostatic compound stimulated 
synthesis of other metabolite analogues in which similar 
structural change was made. Nicotinic acid or nicotinamide 
is essential for the growth of various micro-organisms and, as 
already noted, cannot be replaced by other pyridine derivatives 
not substituted in the 3-position (Chapter III). Pyridine-3- 
carboxylic acid esters can replace nicotinic acid to some 
extent, probably because they can be converted biologically 
to the free acid (Dorfman, Koser, Reames, Swingle and 
Saunders, 1939). Pyridine-3-sulphonio acid, instead of sup- 
porting growth, acts as a growth inhibitor for some organisms 
and its growth-inhibitory action is reversed by nicotinic acid 
(Mcllwain, 1940). 



Nfcot/mc acid Pyridme-Z-sulphonic acid 

The narrow line between growth inhibition and growth 
promotion must be emphasised here. Organisms which do 
not require nicotinic acid for growth were not inhibited 
by the related sulphonic acid ; some micro-organisms, such as 
Proteus vulgaris , which were inhibited by pyridine sulphonic 
acid when nicotinic acid was the growth factor were not 
inhibited when nicotinic acid was replaced by nicotinamide. 
Other organisms actually utilised pyridine-3-sulphonic acid as a 
growth factor (Lwoff and Querido, 1939). With pyridine-3- 
sulphonic acid amide, a somewhat similar type of action was 
observed. This compound was bacteriostatic for organisms 
requiring nicotinamide as a growth factor, but had little effect 
even at high concentrations on organisms able to synthesise 
their own nicotinamide requirements. The inhibitory action 
was antagonised by nicotinamide. 

Further extension of the idea of replacing a carboxyl 
group by a sulphonic acid group followed ; pantoyl-taurine, 
the sulphonic acid analogue of pantothenic acid, was found to 
be bacteriostatic for those organisms which required panto- 
thenic acid as a growth factor (Snell, 1941 ; Kuhn, Wieland 
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in-vivo and in-vitro effectiveness of sulphonamides as bacterio 
static agents. Because of the presence of antagonists such a 
protein, amino acids and P.A.B.A. in body tissues and fluids 
a sulphonamide which may prevent bacterial growth in cultun 
media may be of no use therapeutically. For example 
Clostridium sordelli, which is strongly inhibited by sulphon- 
amides in vitro, cannot be controlled in animal infections 
(Reed, Orr and Reed, 1944). 

Other metabolite analogues 

The amount of space devoted to a discussion of competitive 
inhibition by sulphonamides, besides being a tribute to the 
importance of sulphonamide drugs, is an illustration of the 
valuable stimulus provided by study of competitive inhibition 
to general theories of drug action. In searching for tho perfect 
chemotherapeutic remedy for any disease, such factors as 
absorption, excretion, toxicity and distribution in the host 
must be considered, but before systematic improvement 
becomes possible, variables must be eliminated and the effect 
of structure on each factor studied separately. 

The information provided by the P.A.B.A. antagonism of 
sulphonamides has turned much chemotherapeutic research 
from brilliant exploitation of chance observations to purposeful 
development of growth-inhibitory metabolite analogues. For 
the present, this new guidance of the trend of research may 
have the anomalous result that, in relation to the effort 
expended, fewer clinically useful drugs will be added to the 
pharmacopcea ; but the body of information collected on the 
way will have greatly widened the perspective and has already 
begun to provide a biochemical foundation for the study of 
drug action. 

In discussing the metabolic requirements of micro- 
organisms, wo gave a number of examples of the substitution 
of an essential metabolite by a compound of closely related 
chemical structure, and noted how growth-promoting activity 
would fall as the substitute became less suitable for biological 
conversion to tho parent structure. The recognition that 
substitution of tho carboxyl group of P.A.B.A. by a sulphon- 
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amide group produced a bacteriostatic compound stimulated 
synthesis of other metabolite analogues in which similar 
structural change was made. Nicotinic acid or nicotinamide 
is essential for the growth of various micro-organisms and, as 
already noted, cannot be replaced by other pyridine derivatives 
not substituted in the 3-position (Chapter III). Pyridine-3- 
carboxylic acid esters can replace nicotinic acid to some 
extent, probably because they can be converted biologically 
to the free acid (Dorfman, Koser, Reames, Swingle and 
Saunders, 1939). Pyridine-3-sulphonic acid, instead of sup- 
porting growth, acts as a growth inhibitor for some organisms 
and its growth-inhibitory action is reversed by nicotinic acid 
(Moll wain, 1940). 



Nieotrn/c acid Pyrldinc-3-sulphonic acid 

The narrow' line between growth inhibition and growth 
promotion must be emphasised here. Organisms which do 
not require nicotinic acid for growth were not inhibited 
by the related sulphonic acid ; some micro-organisms, such as 
Proteus vulgaris, which were inhibited by pyridine sulphonic 
acid when nicotinic acid was the growth factor were not 
inhibited when nicotinic acid was replaced by nicotinamide. 
Other organisms actually utilised pyridine -3-sulphonic acid as a 
growth factor (Lwoff and Querido, 1939). With pyridine-3- 
sulphonic acid amide, a somewhat similar type of action was 
observed. This compound was bacteriostatic for organisms 
requiring nicotinamide as a growth factor, but had little effect 
even at high concentrations on organisms able to synthesise 
their own nicotinamide requirements. The inhibitory action 
was antagonised by nicotinamide. 

Further extension of the idea of replacing a carboxyl 
group by a sulphonic acid group followed ; pantoyl-taurine, 
the sulphonic acid analogue of pantothenic acid, was found to 
be bacteriostatic for those organisms which required panto- 
thenic acid as a growth factor (Snell, 1941 ; Kuhn, Wieland 
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and Moller, 1941 ; Mcllwain, 19426). The bacteriostatic 
action was competitively reversed by pantothenic acid. 

CH 3 

oh.ch 2 .c.ch(oh).co.nh CHj. ch 2 . coo h 
ch 3 

Pantothenic acid 

CH, 

OH.CH, C.CH(OH).CO.NH.CH,.CH. so,h 
CH, 

Pantoyl-taurine 

CH, 

OH.CH..C'CH(OH).CO NH.CH S CH..Cp/ 

CH, 

P/jeny/pontothenone 

The close relationship of bacteriostatic action to the 
metabolic character of the cell is further emphasised by the 
observation that in the case of organisms which require for 
growth only one “ half ” of the pantothenic acid molecule in the 
medium, a structural analogue of that lialf may inhibit 
growth. Thus, /1-aminobutyric acid and tsoserine inhibited the 
growth of yeast induced by /3-alanine (Nielsen and Johansen, 
(1943) ; taurine inhibited growth of Acetobacier suboxydans 
and Clostridium septicum more in the presence of the panto}'! 
moiety than in the presence of intact pantothenate, and the 
inhibition was reversed by /?-alanine (Sarett and Cheldelin, 
1945 ; Ryan, Schneider and Ballentine, 1947). 

Pantoyl-taurine has been tried as a chemotherapeutic 
remedy in animal infections and exerted some protective 
action against streptococcal infection, but the rapid rate of 
excretion and the presence in blood of the natural antagonist 
(pantothenic acid) rendered the compound relatively ineffective 
(Mcllwain and Hawking, 1943). Systematic variation of 
structure has since led to other analogues with much greater 
bacteriostatic action (Shive and Snell, 1945 ; Snell and Slave, 
1945 ; Woolley and Collyer, 1945 ; Mead, Rapport, Senear, 
Maynard and Koepfli, 194G; Snell, 1940). One of these. 
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phenylpantothenone (formula above), is particularly interest- 
ing, since it inhibits growth of organisms which do not require 
added pantothenic acid as well as those requiring this meta- 
bolite, but its growth-inhibitory effect is reversed by panto- 
thenic acid only in those organisms for which pantothenic 
acid is a growth factor. 

Pantothenic acid analogues have been used with some 
success in experimental malaria infections (Mead, Rapport, 
Senear, Maynard and Koepfii, 1946 ; Brackett, Waletzky and 
Baker, 1946 ; Senear, Rapport and Koepfii, 1947). Panto- 
thenic acid is probably a growth factor for the parasite, since 
sporozoite -induced infections in chicks were slower in develop- 
ing, and less severe, in birds maintained on a pantothenic acid 
deficient diet. Most of the drugs which were active, also 
caused pantothenic acid deficiency in the chick, but some were 
apparently distributed so that they preferentially inhibited 
parasite growth. Exoerythrocitic infections were not inhibited 
in the same way, probably because of the higher concentration 
of pantothenic acid in tissues than in blood. 

As already noted, riboflavin plays an important role as a 
component of many enzyme systems, and is an essential 
metabolite for many micro-organisms. Various synthetio 
analogues were found to possess reduced growth-promoting 
action (see Chapter III) ; others, such as dichloroflavin, were 
growth-inhibitory for those bacteria which cannot synthesise 
their own supply of riboflavin (Kuhn, Weygand and Moller, 
1943). A phenazine analogue, 2 : 4-diamino-6 : 7-dimethyl-9- 
ribityl-9 : 10-dihydrophenazine has also been found to inhibit 
growth of Lactobacillus casei (Woolley, 19446) ; while a 
“ ribofiavin-less ” mutant of Neurospora was inhibited by 
both lumichrome and lumiflavin (Mitchell and Houlahan, 
1946). In all these cases, the inhibition was reversed by addi- 
tion of riboflavin to the growth medium (Formulze, p. 218). 

Wo have seen that taurine can antagonise /3-alanine in 
the synthesis of the pantothenic acid molecule. Sulplionic 
acid analogues of a-amino acids also antagonise the natural 
amino acids (McHwain, 19416). Cystcic acid, the analogue of 
aspartic acid where the ot-carboxyl group is replaced by 
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sulphonic acid, is toxic to various micro-organisms and is 
antagonised competitively by aspartic acid (Ravel and Shive, 



1946). In Escherichia coli, one reaction prevented by cysteic 
acid is thought to be decarboxylation of aspartic acid to 
^-alanine, since toxicity is not apparent in the presence of 
pantothenic acid or /3-alanine. 

The relationship between growth requirements and 
inhibition by a growth-factor analogue lias been particularly 
fully worked out for the thiamin analogue pyri thiamin, in 
which the thiazole ring of thiamin is replaced by a pyridine 
ring (Tracy and Elderfield, 1940). Many organisms which 
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cannot synthesise thiamin, and require the intact thiamin 
molecule are prevented from growth by low concentrations 
of pyrithiamin, but organisms which can synthesise the 
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complete thiamin molecule are highly resistant to growth 
inhibition (Woolley and White, 19436 ; Wyss, 1943). It will 
be remembered that some micro-organisms can synthesise the 
complete thiamin molecule if supplied with both the pyrimidine 
and the thiazole portions ; others have greater synthetic 
powers and can synthesise one half if supplied with the other 
half. In the case of organisms which require only the pyri- 
midine half, the growth-inhibitory action of pyrithiamin can 
be reversed by addition of the pyrimidine to the medium. 

Robbins (1941) found that three fungi differed in their 
response to pyrithiamin in accordance with their differing 
growth requirements. PhyUrphthora c innamomi, which requires 
the intact thiamin molecule, could not grow in the presence 
of low concentrations of pyrithiamin ; Phycomyces blakes- 
leeanus, which could grow on a mixture of thiazole and 
pyrimidine, was able to split pyrithiamin and use the pyri- 
midine half if supplied with the thiazole half ; Pythiomorpha 
gonapodtoides, which can synthesise the thiazole half, was able 
to grow on pyrithiamin by using it as a source of pyrimidine. 
In Neurospora, on the other hand, there is no relationsliip 
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between capacity for thiamin synthesis and ease of inhibition 
by pyrithiamin (Tatum and Bell, 1946). 

Pyrithiamin cannot be used as a chemotherapeutic drug, 
since at blood concentrations which are non-toxic to experi- 
mental animals, the drug is not bacteriostatic (Wyss, 1943). 
As in the case of pantothenic acid analogues, this difficulty 
is related to the fact that many bacterial growth factors are 
also essential nutrients for higher animals. During evolution, 
much of the enzymic make-up of life has remained essentially 
unchanged, and the same substances are necessary throughout 
the non-photosyntlietie living world for the elaboration of 
now enzymes and for their catalytic functions. 

In an individually-variable population of micro-organisms, 
it is by no means easy to analyse the biochemical effect of 
metabolite analogues except in terms of a growth effect. In 
higher animals, the physiological and histological effects 
induced by vitamin (essential metabolite) deficiencies have 
been more fully characterised, and the effect of feeding a 
growth-inhibitory metabolite analogue has been analysed, not 
only in terms of growth inhibition, but also in terms of the 
pathological changes induced. 

When pyrithiamin is fed to mice, symptoms characteristic 
of thiamin (vitamin B x ) deficiency are displayed and the 
condition can be cured by the feeding of a sufficient excess 
of thiamin (Woolley and White, 1943a). /soriboflavin, the 
5 : 6-dimethyl analogue of riboflavin, when fed to rats, 
prevents growth and gives rise to symptoms characteristic 
of riboflavin deficiency (Emerson and Tishler, 1944) ; the 
phenazine analogue of riboflavin produces similar vitamin 
deficiency symptoms in mice (Woolley, 19446 ) ; both these 
effects are reversed by feeding riboflavin. Mice do not normally 
require nicotinic acid in their diet, but feeding of 3-acctyI 
pyridine produced the symptoms known to occur in other 
animals fed on a nicotinic acid free diet (Woolley, 1945) ; 
the symptoms disappeared rapidly when nicotinic acid was 
added to the diet. A condition resembling scurvy can bo 
induced by feeding glucoascorbic acid and the condition can 
be cleared up by addition of excess ascorbic acid to the diet 
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(Woolley, 1944d ; Woolley and Krampitz, 1943). Symptoms 
of vitamin K. deficiency, namely a large increase in the 
coagulation time of the blood, may be induced in the rat, 
an animal not normally affected by lack of this vitamin, by 
feeding dicumarol (Overman, Field, Baumann and Link, 1942). 
The condition does not develop when large quantities of 
vitamin K are fed along with dicumarol. The pantothenic 
acid analogues tested against malarial infections in chicks 
(p. 217) caused symptoms of pantothenic acid deficiency 
which were relieved by feeding pantothenate (Brackett, 
Waletzky and Baker, 1946). 

With these few examples before us it is convenient to pause 
and take stock of the position. As already emphasised, 
competitive inhibition in isolated enzyme systems has been 
found to occur when a compound structurally similar to a 
natural substrate competes with that substrate for an active 
group on an enzyme surface. The characteristics of competitive 
inhibiton in enzymo systems were defined as follows : — 

(1) At a fixed concentration of inhibitor the degree of 

inhibition is inversely proportional to substrate 
concentration ; 

(2) for a given degree of inhibition the ratio of substrate 

concentration to inhibitor concentration is constant 
over a wide concentration range ; 

(3) with a series of structurally related inhibitors acting 

on the same enzyme, inhibitions are proportional to 
the dissociation constants of the enzyme-inhibitor 
complexes. 

It has been possible to apply these criteria to growth inhibition 
by metabolite analogues, and to reversal of growth inhibition 
by the related essential metabolites. The metabolite-inhibitor 
relationship is usually consistent with the assumption that 
the two compounds are in competition for a common site on 
some cellular enzyme. In other words, the metabolite analogue 
appears to prevent or reduce cellular utilisation of essential 
metabolite (c/. Moll wain and Hughes, 1945 ; Mcllwain, 1945 ; 
Sarett, 1946). Where non-competitive antagonism exists, tho 
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analogue may inhibit synthesis of the metabolite, as in the 
case of folic acid or tryptophan. 

In the majority of cases so far examined, a metabolite 
analogue is only effective as a growth inhibitor for those 
strains of micro-organism which require an external source 
of the related essential metabolite ; thus, pyrithiamin inhibits 
at low concentrations only those organisms which require an 
external source of the intact thiamin molecule. It is less 
effective against organisms which can synthesise one half of 
the molecule, and practically ineffective against organisms 
which require neither the pyrimidine nor the thiazole “ half.” 
In a similar fashion, pantoyl-taurine only inhibits growth of 
organisms which normally require added pantothenic acid for 
growth ; pyridine-3-sulphonic acid only inhibits growth of 
strains which are unable to synthesise nicotinic acid. Desthio- 
biotin acts as a growth inhibitor for Lactobacillus casei, an 
organism which requires preformed biotin. In other less- 
exacting organisms, the same compound acts as a growth factor 
and a precursor of biotin (Lilly and Leonian, 1914 ; Dittmer, 
Melville and du Vigneaud, 1944) (see p. 141). 

In contrast to the above group, the sulphonamides inhibit 
organisms which normally synthesise their own require- 
ments of P.A.B.A., as well as those which require P.A.B.A. 
as a constituent of the medium. Sulphonamides inhibit 
conversion of both endogenous and exogenous P.A.B.A. into 
pteroylglutamic acid and so prevent growth of organisms which 
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synthesise their own supplies of pteroylglutamic acid. Benzi- 
midazole inhibits growth of organisms which do not require 
added adenino (Woolley, 1944a), and phenylpantothenono is 
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growth-inhibitory for organisms able to synthesise panto- 
thenate. In the case of sulphonamides and benzimidazole, 
excess of the natural metabolite added to the medium reverses 
the growth-inhibitory effect of the analogue in a competitive 
manner. The question naturally arises — Why do sulphanil- 
amide and benzimidazole inhibit growth irrespective of the 
growth requirements of the strain, although they are susceptible 
to antagonism by excess of the related essential metabolite ? 
Other metabolite analogues only inhibit organisms for which the 
metabolite is a growth factor. 

It is impossible, as yet, to give a clear-cut answer to this 
question. If we visualise the possible explanations we may 
perhaps help to suggest an experimental approach which 
can provide an answer to the problem, and incidentally provide 
a guide to the synthesis of chemotherapeutically-effective 
metabolite analogues other than the sulphonamides. 

A number of cases have been reported where biochemical 
mutation induced by exposure of a wild strain of the mould 
Neurospora to X-rays results in failure to synthesise a meta- 
bolite which is readily synthesised by the wild strain (see 
p. 108). The synthetic deficiency is often accompanied by a 
specific sensitivity to inhibition by metabolite analogues, 
which is lacking in other mutant strains and in the parent 
strain. The most striking case is the specific inhibition of a 
" lysine-less ” mutant by arginine ; arginine does not inhibit 
wild -type Neurospora , and therefore does not block utilisation 
of endogenous lysine (Doermann, 1944). The different effect 
in the two cases can best be explained by the legitimate 
assumption that, in the wild type, arginine passes from the 
medium through the cell wall to reach the cellular metabolic 
system and is immediately metabolised ; it never reaches the 
site of utilisation of endogenously-synthesised lysine. In the 
mutant “ lysine-less ” strain, both arginine and lysine pass 
the cell wall together, and both have to be acted on by specific 
enzymes in the presence of one another. The close structural 
similarity between the two amino acids enables either to displace 
tho other from its specific enzyme in a competitive manner, 
so that excess of arginine results in a failure of the cellular 
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analogue may inhibit synthesis of the metabolite, as in the 
case of folic acid or tryptophan. 

In the majority of cases so far examined, a metabolite 
analogue is only effective as a growth inhibitor for those 
strains of micro-organism which require an external source 
of the related essential metabolite ; thus, pyrithiamin inhibits 
at low concentrations only those organisms which require an 
external source of the intact thiamin molecule. It is less 
effective against organisms which can synthesise one half of 
the molecule, and practically ineffective against organisms 
which require neither the pyrimidine nor the thiazole “ half.” 
In a similar fashion, pantoyl-taurine only inhibits growth of 
organisms which normally require added pantothenic acid for 
growth ; pyridine-3-sulphonic acid only inhibits growth of 
strains which are unable to synthesise nicotinic acid. Desthio- 
biotin acts as a growth inhibitor for Lactobacillus casei, an 
organism which requires preformed biotin. In other less- 
exacting organisms, the same compound acts as a growth factor 
and a precursor of biotin (Lilly and Leonian, 1944 ; Dittmer, 
Melville and du Vigneaud, 1944) (see p. 141). 

In contrast to the above group, the sulphonamides inhibit 
organisms which normally synthesise their own require- 
ments of P.A.B.A., as well as those which require P.A.B-A. 
as a constituent of the medium. Sulphonamides inhibit 
conversion of both endogenous and exogenous P.A.B.A. into 
pteroylglutamic acid and so prevent growth of organisms which 
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synthesise their own supplies of pteroylglutamic acid. Benzi- 
midazole inhibits growth of organisms which do not require 
added adenine (Woolley, 194-to), and phonylpantothenone is 
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preformed pantothenic acid may be due to its rapid hydro- 
lysis within the cell, since indirect evidence has been obtained 
for the occurrence of a small amount of hydrolysis in the 
medium in contact with bacteria (Stansly and Alverson, 1946). 
This might also account for the fact that pantoyl-taurine was 
found to be a growth faotor. for a pantoic acid exacting strain 
of Clostridium s&pticum (Ryan, Schneider and Ballentine, 
1947). 

Another explanation of the failure of anti-metabolites to 
inhibit growth of organisms which synthesise their own 
requirements of related metabolite must also bo considered. 
As we have seen, the growth-inhibitory action of a metabolite 
analogue is effectively antagonised by a sufficient concentration 
of the metabolite. Obviously, if a cell synthesises its own 
supply of metabolite, the concentration of that metabolite 
within the cell wall may be such that any metabolite analogue 
passing into the cell is effectively antagonised. Examples 
have already been quoted of the association of increased 
P.A.B.A. synthesis with increased resistance to sulphonamides. 
As will be indicated in the discussion of drug resistance 
(Chapter VI), all cases of increased resistance cannot be 
explained in terms of increased production of antagonist, so 
that each drug and each species of micro-organism must 
be regarded as a separato problem. One case has been 
examined in some detail (Woolley and White, 19436). The 
amount of thiamin synthesised by those organisms for wfiich 
it is not a growth factor was measured quantitatively ; 
although apparently quite adequate for growth in absence 
of pyrithiamin, it was obviously insufficient to anta- 
gonise the quantities of pyrithiamin used in the inhibition 
tests. 

In this brief outline of competitive metabolite antagonists 
it has not been possible to detail the numerous examples 
scattered throughout the chemical, biochemical and medical 
literature, or to deal with the recent successful clinical develop- 
ment of histamine antagonists. More detailed accounts of 
the whole subject by Roblin (1946) and Woolley (1947) are 
available. 

p 
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metabolic system to take up sufficient lysine for protein 
synthesis. 

This view of the course of events is supported by the results 
of Mcllwain (1945) on the inhibition of pantothenate utilisation 
by pantoyl-taurine, and by those of Sarett (1946) on the 
inhibition of riboflavin utilisation by riboflavin analogues. 
In both cases, the metabolite analogue appeared to block 
utilisation of the metabolite by passing through the cell wall 
with the metabolite and arriving at the same time at the 
initial reaction site which is responsible for the uptake of the 
metabolite. 

Presumably, metabolite analogues may fail to inhibit growth 
of organisms which synthesise their own supply of metabolite 
because, as in the case of arginine, the analogues are caught 
up in the metabolic system designed for the natural metabolite 
as soon as they pass the cell wall, and then are rapidly 
metabolised to a form which cannot interfere with the 
secondary utilisation of endogenously-synthesised metabolite. 
If this assumption is correct, there should be traceable a 
difference between the metabolic fate of anti-metabolites which 
are only effective growth inhibitors for organisms which 
require preformed metabolites ( e.g pyrithiarain), and anti- 
metabolites which inhibit growth of non-exacting as well as 
related exacting strains. In other words, an effective growth 
inhibitor would have to possess considerable biological stability 
such that it could not be readily converted by metabolic 
enzymes to an inactive form ; presumably sulphanilamide, 
phenylpantothenone and benzimidazole fall into this category. 

An artificially produced pyrithiamin-fast strain of yeast 
was found to have developed a metabolic system for the 
cleavage of pyrithiamin into its component parts ; the system 
was also found in those organisms which normally synthesised 
their own requirements of thiamin (Woolley, 1944c). It 
seems probable therefore, that in the thiamin synthesisers 
the inhibitory analogue is metabolised to a harmless form, 
long before it reaches the vital site in the cell at which 
thiamin is synthesised and utilised intracellularly. The 
failure of pantoyl-taurine to inhibit organisms not requiring 
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In seeking reactions specific to parasite and absent from 
host,. that group of enzymes and coenzymes concerned 
primarily with energy-yielding oxidative reactions (about 
which we know most) does not look promising, since micro- 
organisms and higher animals metabolise the same foodstuffs 
by closely similar pathways. Proteins are, however, species- 
specific and therefore some species-specific synthetic processes 
must go on during growth to build up their patterns. A 
logical point of attack would then seem to be the mechanisms 
concerned with protein synthesis. Surprisingly little evidence 
is available to show whether the recognised amino acids are all 
common to animal and bacterium, and a systematic investiga- 
tion of protein from micro-organisms seems highly desirable. 
To upset protein synthesis, the organism might be presented 
with amino acid analogues capable of being built up in peptide 
linkage but incapable of proper function in the completed 
protein. Alternatively, peptides might be synthesised capable 
of inhibiting by their unnatural configuration the build-up 
or breakdown essential for vital function. The recognition 
of gramicidin as a peptide and of penicillin and streptomycin 
as closely related to amino acids is suggestive of further 
profitable exploration in this field (Work, 1948). 

Provided we know enough about the building blocks used 
by micro-organisms, wo may be able to imitate these sufficiently 
closely for the analoguo to be caught up in a synthetic process 
for which it is unsuited. Before a metabolite analogue can 
play such a part, it must, however, be sufficiently stable to 
resist breakdown during metabolism and it must also resemble 
a natural metabolite so closely that an enzyme, a highly 
selective and specific catalyst, must be unable to reject it in 
preference to its natural substrate. 

The chemotherapy of virus infections is still very much in 
the embryonic phase. Little is known of the biochemical 
activities of viruses. A possible line of chemotherapeutic 
attack lias been suggested by a study of the nature of 
combination between virus and host. In the case of certain 
bacterial viruses which infect Escherichia coll , tryptophan is 
a necessary co-factor for adsorption of virus on the host cell 
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Possibilities and limitations of metabolite analogues 

As we have pointed out already, many metabolite analogues 
cannot be used chemotherapeutically because they produce 
specific vitamin deficiency diseases in the host animal. Such 
a difficulty is inevitable in the design of new chemotherapeutic 
drugs, since these are often structural analogues of metabolites 
essential to host as well as to parasite. However, the success 
achieved in rendering less toxic the arsenoxides and pentavalent 
Organic arsenicals and antimonials, should encourage develop- 
ment of new metabolite analogues, even when first attempts 
have led to drugs which are' equally toxic to parasite and host. 
The selective parasiticidal action of organo-metallic drugs must 
depend very largely upon selective distribution, which favours 
concentration of the drug in parasite rather than host cells. 
Some success has been achieved in lowering toxicity, for 
the host, of pantothenate analogues, without impairment of 
their antimalarial activity (Brackett, Waletzky and Baker, 
1946). 

The ideal approach to chemotherapy would be through 
obstruction of an enzyme Bystem or metabolite essential to 
parasite but non-existent in or less essential to host. Among 
the sulphonamides we have stumbled accidently against one 
such group. Following upon the recognition of folic acid 
(pteroylglutamic acid) as a derivative of P.A.B.A., and the 
demonstration that sulphonamides prevent synthesis of 
pteroylglutamic acid, it is apparent that only cells which are 
obliged to synthesise pteroylglutamic acid will be liighly 
susceptible to sulphonamides Cells which draw preformed 
pteroylglutamic acid from their medium will be more resistant. 
Various Gram-negative bacteria and animal cells belong to the 
latter category. If dosage of sulphonamide is too high or too 
prolonged, those cells of the host which require to multiply 
rapidly (the cells of the bone marrow), may show signs of 
inhibition of cell division, possibly because their supply of 
folic acid is slowly exhausted. Granulocytopenia induced by 
sulphonamides is rapidly cured bj r administration of folic acid 
(Daft and Sebrell, 1946). 
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to a quite different mechanism. Mapharsen, an effective tryp- 
anocide, is also toxic to E. coli, but in this case the effect is not 
reversed by P.A.B.A. ; thus, wo apparently have two possible 
modes of action of organic arsenicals on E. coli. Knowing 
these facts, we can conclude that modifications in structure 
which lead to enhanced trypanocidal activity among arsen- 
oxides are unlikely to be profitable in increasing bacteriostasis 
of E. coli by sulphonamides ox even by atoxyl. Trypanocidal 
arsenoxides in general are antagonised in their trypanocidal 
action by glutathione or cysteine, but not by P.A.B.A. An 
exception to this was found in y-(jp -arsenophenyl )-butyric 
acid which was antagonised by both compounds (Williamson 
and Lourie, 1946). The only explanation for this action is 
to assume that the drug acts ultimately in the same manner as 
other trypanocidal arsenicals, but that P.A.B.A. may be 
preventing or limiting admission into the trypanosomo cell 
(see also p. 296). 

Similar studies have shown that the antimalarial activity of 
certain sulphonamides is not related to their similarity to 
P.A.B.A. The antimalarial activity of 2-metaniIamido-5- 
chloropyrimidine and related metanilamides was not 
antagonised by P.A.B.A. The sulphadiazine analogue with 
a 5-halogen in the pyrimidino ring (2-sulphanilamido-5- 
bromopyrimidino) was bacteriostatic for Escherichia coli and 
this action was completely antagonised by P.A.B.A. The same 
compound was also active against malaria ( Plasmodium 
gallinaceum), but this action was only partially antagonised 
by P.A.B.A. (Brackett and Waletzky, 1946 ; English, Clark, 
Clapp, Seeger and Ebel, 1946). 

\_s Non-specific competitive antagonism 

Whon two related dyes, one of which is an enzyme inhibitor, 
aro added simultaneously to an enzyme preparation, the 
degree of inhibition observed may be less than when the 
inliibitory dye is added alone. The harmless dye is in this 
case competing with the inhibitory dye for the same point 
on the enzyme surface and so reducing competitively the 
degreo of inhibition. Numerous examples of this effect are 



228 


THE BASIS OF CHEMOTHERAPY 


(Anderson, 1945). 5-Methyltryptophan appeared to have an 
action somewhat similar to tryptophan in that it permitted 
adsorption of virus on host, hut in the presence of this trypto- 
phan analoguo the infected cell was not a suitable milieu for 
virus multiplication (Cohen and Anderson, 1946). 

Available evidence suggests that the influenza virus, when 
it causes hsemagglutination, may react with a carbohydrate 
group in red cells. Green and Woolley (1947) tested other 
carbohydrates for their ability to inhibit the reaction by 
competition with the red cell carbohydrate for carbohydrate- 
receptor groups on the virus. A number of polysaccharides, 
particularly apple pectin, were found to be capable of inhibiting 
hemagglutination ; apple pectin also inhibited growth of the 
virus in chicken embryo. As the authors themselves point 
out — “ Although the working hypothesis just outlined has 
led directly to positive experimental results, it does not 
necessarily mean that this hypothesis is the correct one.” 

Antagonism and the mode of action of related drugs 

The study of competitive inhibition has provided a useful 
indication whether two related drugs which are toxic to the 
same organism are acting at the same key point. Peters 
(1943) found that both atoxyl and sulphanilamide inhibited 
growth of Escherichia coli on a synthetic medium. In both cases 
the effect was fully reversed by P.A.B.A. However, sulphanil- 
amide had no trypanocidal effect, while the trypanocidal effect 
of atoxyl was reversed, not by P.A.B.A., but by cysteine. It is 
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evident that while atoxyl and sulphanilamide act in the same 
Tvav on E. coli, the toxic effect of atoxyl on trypanosomes is duo 
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(Browning, Cohen, Ellingworth and Gulbransen, 1926, 1929 ; 
Browning, Cohen, Cooper and Gulbransen, 1932). An attempt 
to prepare 2 - (p-aminostyryl)-6-acetylamin o quinoline metho- 
chloride by two different methods resulted in two related 
compounds, one a quaternary salt (I), the other an addition 
compound of methyl sulphate and base (II). Compound I 



was an effective trypanocide in mice infected with Trypanosoma 
brucei ; compound II had no trypanocidal action, but was 
found to antagonise the action of compound I when present 
in one-tenth the concentration of I. Evidently compound II, 
although inactive therapeutically, resembled I sufficiently 
closely to be absorbed in the same way. 

Probably the same type of effect is involved in the reversal 
of atebrin, quinine and propamidine bactcriostases by spermine, 
spermidine and other polyamines (Snell, 1944a; Silverman 
and Evans, 1944). The difficulty involved in the interpretation 
of observed results is well illustrated by this case. Pseudomonas 
pyocyanea was known to oxidise polyamines, including 
spermidine, and it was reasonable to suppose that inhibition 
of growth by bacteriostatic bases was due to inhibition of 
metabolism of the essential growth factor, spermidine. Such 
a mechanism would necessitate classifying the effect as specific 
competitive inhibition. Other facts, however, indicate that a 
non-specific mechanism is involved. In Escherichia coli , 
spermidine was not oxidised or required as a growth factor, 
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recorded in the literature of enzymology. The only difference 
between this type of competition and that which wo have 
already discussed lies in the nature of the antagonist. In specific 
competitive inhibition, the antagonist is a natural substrate 
(metabolite) or coenzyme j in non-specific competitive inhibi- 
tion, neither inhibitor nor antagonist is related chemically to 
the substrate or coenzyme. 

The effect of pH on the degree of inhibition of enzymes by 
basic dyes can be attributed to competition between the 
hydrogen ions and basic dye ions for certain acidic groups 
on the enzyme surface. Hydroxyl ions may similarly compete 
with, and reduce inhibition caused by, toxic anions; such 
cases are discussed more fully in Chapter VII. Two basic or 
two acidic drugs may also compete with one another. 

There are numerous instances of analogous effects in the 
field of chemotherapy. Browning and Gulbransen (1922) 
reported that the trypanocidal action of trypaflavine was 
reduced by parafuchsin when mice, infected with a parafuchsin- 
resistant strain of trypanosome, were fed with parafuchsin and 
the infection treated with trypaflavine. Browning suggested 
the term “ therapeutic interference ” for this type of effect. 
Similar results were obtained with normal trypanosomes ; 
the action of a variety of trypanocidal drugs, both arsenicals 
and acridines, was antagonised by parafuchsin and other dyes 
(Schnitzer, 1926 ; Schnitzer and Rosenberg, 1926 a and b ; 
Schnitzer and Silberstein, 1926 a and 6). Hassko (1935) 
showed that the protective dye lessened the degree of absorption 
of acriflavine by trypanosomes. 

Interference phenomena can also be demonstrated in vitro. 
Carbon dioxide production from glucose hy yeast was inliibitcd 
by acriflavine or methyl violet. Methyl violet alone, in 
sufficiently low concentrations, had no effect, but it caused 
considerable reduction of the inhibitory effect of acriflavine. 
Preliminary staining with low concentrations of acriflavine 
could similarly reduce the toxic effect of high concentrations 
of methyl violet (Wright and Hirschfelder, 1930). 

An interesting case of non-specific competitive inhibition 
arose from the synthesis of trypanocidal styryl quinolines 
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The effect of pH change on the activity of widely differing 
types of acidic and basic drugs is in agreement with the ion 
exchange interpretation. Hydrogen ions antagonise com- 
petitively acridine, propamidine, atebrin, streptothricin and 
cationic detergents. Elson (1945) gives a diagram, typical of 
the type of effect observed, for the effect of pH change on the 
antibacterial activity of propamidine (Fig. 24). (For full 
discussion of effect of pH on drug action see Chapter VII). 



Fia. 24. — Effect of pH on tho bactericidal action of propamidine. 

(Eton, 1945.) 

It is apparent that no clear-cut line can be drawn between 
specific and non-specific competitive inhibition, but it is very 
necessary, when elaborating chemotherapeutic theories based 
upon nutritional requirements of micro-organisms, to remember 
that every drug antagonist is not automatically an essential 
metabolite. 

Antagonism of drugs containing arsenic, mercury and antimony 
The organic derivatives of arsenic and antimony, used 
extensively in. the treatment of protozoal and spiroehietal 
infections, arc also toxic to bacteria and, indeed, to most 
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but successfully antagonised the bacteriostatic action of 
propamidine. Certain soil bacilli, capable of growing in a 
salt-glucose medium containing ammonium phosphate as sole 
source of nitrogen, were inhibited by high concentrations of 
atebrin and the bacteriostasis was antagonised by spermidine. 
Other related organisms incapable of growing in glucose-salt 
medium were inhibited by low concentration of atebrin, but 
the bacteriostasis was not antagonised by spermidine. In 
Chapter IV (p. 165) we showed that atebrin and quinine 
inhibit a large number of enzjuues, probably because of their 
basic nature ; polyamines might well antagonise them by dis- 
placement. 

Lecithin, also, is capable of antagonising the antibacterial 
action of diamidines (Elson, 1944) and has a similar protective 
effect against cationic and anionic detergents (Baker, Harrison 
and Miller, 19416) (see Chapter VII). 

It is well known that the bactericidal action of dyes depends 
greatly upon the pH of culture media (Browning, Gulbransen 
and Kennaway, 1919). Steam and Steam (1924, 1926) 
suggested that dyes exercised their bacteriostatic effect mainly 
in the ionised condition ; thus, the cation of a basic dye was 
visualised as acting by being adsorbed on an acidic group of a 
cellular protein. Such a mechanism allows pH effects to be 
explained on the basis of non-specific competitive inhibition. 
On increase of H ion concentration, some of the dye cation will 
be displaced from its combination with protein by the harmless 
H ion, so permitting cellular enzymes to resume their normal 
functioning. In confirmation of their interpretation, Steam 
and Steam pointed out that, among a series of related dyes, 
increasing bacteriostatic action was associated with increasing 
base strength. Much evidence not available to the Stearns 
in 1925 has since tended to strengthen the belief in their 
interpretation (see Chapter VII). McCalla (1940) showed by 
a series of quantitative experiments, that an actual rapid 
exchange of all types of cations could take place between the 
bacterial cell and surrounding medium. Non-specific 
competitive antagonism may then be regarded as an ion- 
excliange phenomenon in many cases. 
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•a highly reactive sulphydryl group, suggested to Voegtlin 
that arsenicals might be acting by combination with gluta- 
thione or other similar sulphydryl compounds essential to 
the life of the cell. He was able to show that trypanosomes 
contained free sulphydryl groups and that sodium thioglycollate 
(SH.CH 2 COONa), cysteine (SH.CH 2 .CH(NH 2 ).COOH) and 
glutathione antagonised the arsenoxide inhibition of motility 
of trypanosomes in vitro. In vivo, the injection of sulphydryl 
compounds one minute before injection of arsenoxide was 
found to slow considerably the rate of destruction of trypano- 
somes ; the effect was not permanent, but the decline in 
arsenoxide -antagonistic action was found to coincide with a 
decline in the concentration of injected thiol compound in the 
blood. The oxidised forms of the sulphydryl compounds such 
as cystine or dithioglycollatc showed comparatively little 
arsenoxide-antagonistio action. Sulphydryl compounds were 
found to lower the toxicity of arsenoxides for animals as well 
as for trypanosomes ; thus, after administration of a lethal 
dose of arsenoxide, the life of an animal could be prolonged 
for several days by injection of antagonist. Voegtlin concluded 
that arsenic in the trivalent form is a specific poison affecting 
the SH groups of the protoplasm. 

This view has been amply confirmed and extended during 
the intervening years. The bactericidal action of mercuric 
chloride had long been known to be reversed by treating the 
poisoned organisms with hydrogen sulphide or ammonium 
sulphide (Geppert, 1889 ; Chick, 1908). Fildes (1940a) 
showed that sulphydryl compounds such as glutathione and 
cysteine also antagonised the bactericidal effect of mercuric 
chloride. Mapharsen has been shown to possess antibacterial 
action comparable to that of mercuric chloride (Albert, Falk 
and Rubbo, 1944), and its bacteriostatic effect is also 
antagonised by sulphydryl compounds. Pentavalent arsenicals 
do not possess similar bacteriostatic properties. 

Recently it has been found that both the trypanocidal 
action and the systemic toxicity for animals of trivalent 
nntimonials such as tartar emetic and antimony thioglycollate 
are antagonised by cysteine. The toxicity of pentavalent 
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forms of life, including the animal host. Probably the toxic 
action resides in the metallic portion of the molecule, while 
the organic “ tail ” influences distribution and specificity. 

Much of the credit for the development of a satisfactory 
theory of the mode of action of these drugs is due to Voegtlin, 
but the possibility that arsenicals might be toxic because of 
their affinity for mercapto groups had been suggested earlier by 
Ehrlich (1909). Voegtlin concluded that organic arsenicals 
were immediately toxic only in the arsenoxide form. During 
the considerable latent period before development of tryp- 
anocidal activity, atoxyl and arsphenamine were slowly 
converted by the tissues of the host to the arsenoxide form 
(Voegtlin, Dyer and Leonard, 1923). 

/OH 

R — As=0 — ► R— As = 0 < — R— As = As-R 
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This view has recently been supported by careful analytical 
work on the excretion of pentavalent and trivalent phenyl 
arsenoxides after injection into rabbits. Although the amount 
of trivalent phenyl arsenoxide excreted after injection of the 
pentavalent compound was small, it was sufficient to account 
for the toxicity of the latter on the theory that it must be 
reduced in the body before producing its lethal effect (Crawford 
and Lewy, 1947). 

Voegtlin was able to show that arsenoxides reacted readily 
with hydrogen sulphide and mercaptoacetic acid as follows : 

/S— R' 

R . As = O + 2SHR' — v R— As< +H 2 0 

\S— R' 

At the time when this study on the mode of action of arsenical 
drugs began, Hopkins had just discovered glutathione and 
SH 
CH 2 

COOH.CH(NHj) CHj.CHj.CO.NH.CH CO.NH.CH 2 .COOH 

g/utomy/ cysteinyl glycine 

GLUTATHIONE 

had shown that it was widely distributed in living tissues. , 
Tliis ubiquity, combined with the existence in glutathione of 
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a highly reactive sulphydryl group, suggested to Voegtlin 
that arsenicals might be acting by combination with gluta- 
thione or other similar sulphydryl compounds essential to 
the life of the cell. He was able to show that trypanosomes 
contained free sulphydryl groups and that sodium thioglycollate 
(SH . CH 2 COOHa), cysteine (SH . CH 2 . CH(NH 2 ) . COOH) and 
glutathione antagonised the arsenoxide inhibition of motility 
of trypanosomes in vitro. In vivo, the injection of sulphydryl 
compounds one minute before injection of arsenoxide was 
found to slow considerably the rate of destruction of trypano- 
somes ; the effect was not permanent, but the decline in 
arscnoxide-antagonistic action was found to coincide with a 
decline in the concentration of injected thiol compound in the 
blood. The oxidised forms of the sulphydryl compounds such 
as cystine or dithioglycollate showed comparatively little 
arsenoxide-antagonistic action. Sulphydryl compounds were 
found to lower the toxicity of arsenoxides for animals as well 
as for trypanosomes ; thus, after administration of a lethal 
dose of arsenoxide, the life of an animal could bo prolonged 
for several days by injection of antagonist. Voegtlin concluded 
that arsenic in the trxvalent form is a specific poison affecting 
the SH groups of the protoplasm. 

This view has been amply confirmed and extended during 
the intervening years. The bactericidal action of mercuric 
chloride had long been known to be reversed by treating the 
poisoned organisms with hydrogen sulphide or ammonium 
sulphide (Geppert, 1889 ; Chick, 1908). Fildes (1940a) 
showed that sulphydryl compounds such as glutathione and 
cysteine also antagonised the bactericidal effect of mercuric 
chloride. Mapharsen has been shown to possess antibacterial 
action comparable to that of mercuric chloride (Albert, Falk 
and Rubbo, 1944), and its bacteriostatic effect is also 
antagonised by sulphydryl compounds. Pentavalent arsenicals 
do not possess similar bacteriostatic properties. 

Recently it has been found that both the trypanocidal 
action and the systemic toxicity for animals of trivalent 
antimonials such as tartar emetic and antimony thioglycollate 
aro antagonised by cysteine. The toxicity of pentavalent 
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forms of life, including the animal host. Probably the toxic 
action resides in the metallic portion of the molecule, while 
the organic “ tail ” influences distribution and specificity. 

Much of the credit for the development of a satisfactory 
theory of the mode of action of these drugs is due to Yoegtlin, 
but the possibility that arsenicals might be toxic because of 
their affinity for mercapto groups had been suggested earlier by 
Ehrlich (1909). Voegtlin concluded that organic arsenicals 
were immediately toxic only in the arsenoxide form. During 
the considerable latent period before development of tryp- 
anocidal activity, atoxyl and arsphenamine were slowly 
converted by the tissues of the host to the arsenoxide form 
(Voegtlin, Dyer and Leonard, 1923). 

/OH 

R — As==0 — > R— As = O -s — R— As = As— R 
\OH 


This view has recently been supported by careful analytical 
work on the excretion of pentavalent and trivalent phenyl 
arsenoxides after injection into rabbits. Although the amount 
of trivalent phenyl arsenoxide excreted after injection of the 
pentavalent compound was small, it was sufficient to account 
for the toxicity of the latter on the theory that it must be 
reduced in the body before producing its lethal effect (Crawford 
and Lewy, 1947). 

Voegtlin was able to show that arsenoxides reacted readily 
with hydrogen sulphide and mercaptoacetic acid as follows : 


R As = O + 2SHR' - 


xS— R' 

R— As< 

\S— R' 


-fH 2 0 


At the time when tills study on the mode of action of arsenical 
drugs began, Hopkins had just discovered glutathione and 
SH 
CH 2 

COOH.CH(NH 2 ) CH 2 .CH 2 CO NH CH CO.NH.CH 2 .COOH 

glutamyl cysteinyl glycine 

GLUTATHIONE 


had shown that it was widely distributed in living tissues. , 
Tliis ubiquity, combined with the existence in ghitathfone of 



DRUG ANTAGONISM 


237 


a and 6). ' This suggests that arsenoxides may act directly 
by combination with enzyme proteins rather than by depriving 
the cell enzymes of essential metabolites. 

If arsenoxides act in vivo by combining with the essential 
groups of “ SH enzymes,” it may well be asked why they are 
capable of destroying trypanosomes and other pathogens in 
the living animal, without at the same time inhibiting the 
essential “ SH enzymes ” of the host. Some enzymes, although 
possessing sulphydryl groups, are completely unaffected by 
concentrations of arsenoxide which inhibit such sensitive 
enzymes as yeast alcohol dehydrogenase, urease, hexokinase and 
phosphoglyceraldehyde dehydrogenase. The selective destruc- 
tion of trypanosomes may be also attributed to selective 
distribution of trypanocidal drugs, which are, however, not 
entirely without toxic action for the host. Eagle and Magnuson 
(1944) have found in vitro a general correlation between the 
trypanocidal activities of a wide range of phenylarsenoxides 
and the amounts of drug taken up by trypanosomes (Table 14). 
Selective distribution in vivo is, however, only an end-result 
of a number of variable factors (see Chapter VII). 

When two types of cells metabolise substrates by the same 
pathway it does not follow that the enzymes catalysing 
intermediate reactions are necessarily identical. Alcohol 
oxidase of liver catalyses the same reaction as alcohol oxidase 
of yeast, but the former enzyme is not inhibited by iodo- 
acetamide or arsenoxide while the latter is highly sensitive, 
i.e. is an “ SH enzyme.” The particularly high rate of 
carbohydrate metabolism of some trypanosomes is suggestive. 
Several of tho reactions of glycolysis, pyruvate oxidation and 
carbon dioxide fixation are catalysed by “ SH enzymes,” and 
readily inhibited by arsenoxides. Only those species of try- 
panosome which have a high rate of carbohydrate motabolism 
can bo successfully destroyed in vivo with arsenical drugs. 
The selective action of trypanocidal arsenicals may therefore 
bo partly attributable to the relatively greater importance 
of “ SH enzymes ” in parasite than in host. 

In addition to arsenoxides and iodoacetamido, numerous 
other organic molecules may react readily with the active 
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antimonials is not affected (Chen, Geiling and MacHatton 

1945). 


COOK 

C^HOH 

'I 

CHOH 



COO(SbO) 

Tartar emetic Sodium antimony thioglycollate 


It is firmly established, then, that the toxic effect of metal 
complexes upon micro-organisms is antagonised by naturally- 
occurring sulphydryl compounds, and it is tempting to suggest 
with Fildes (1940a) that the organometallic compounds arc 
toxic because they deprive cells of their essential sulphydryl- 
containing metabolites. Another, and we believe more 
probable explanation, can be profitably considered. As shown 
by Cohen, King and Strangoways (1931), the thioarsenites are 
largely hydrolysed in weak solution, and it seems improbable, 
if this is so, that the low concentration of trivalent arsenical 
reaching a pathogen in vivo would deprive it of any large 
percentage of the available glutatliione or cysteine. 

Arsenoxides inhibit the respiration of kidney, liver, testis, 
rat sarcoma and yeast, as well as trypanosomes and other 
pathogenic organisms ; the inhibition is reversed in each case 
by glutathione (Voegtlin, Rosenthal and Johnson, 1931). 
Arsenoxides and glutathione have the same effect on the 
motility and viability of trypanosomes as they have on 
respiration. Trivalent organic arsenicals are bound by proteins 
which give a positive nitroprusside test, but do not combine 
with proteins which give no nitroprusside test (Rosenthal, 
1932). We have already discussed in Chapter IV the importance 
of sulphydryl groups for enzymic activity. Some enzymes, 
known as “ SH enzymes/’ have been shown to possess in the 
undenatured state several exposed sulphydryl groups which 
are absolutely essential for enzyme activity ; such enzymes 
give a positive nitroprusside test. About thirty “ SH 
enzymes ” are now recognised, among them several concerned 
with carbohydrate metabolism (Barron and Singer, 1945 
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Geiger (1946) found that, although in general, quinones were 
less active against Gram-negative bacteria than Gram-positive, 
reversal by thiols was only effected in the case of Gram- 
negative organisms. He concluded that the activity against 
Gram-negative organisms was associated with an unsubstituted 
position ortho to the carbonyl groups, presumably necessary 
for combination with sulpliydryl groups. No specific structure 
in the quinone molecule was necessary for activity against 
Gram-positive organisms, where it appeared that sulphydryl 
groups were not specifically attacked. In the case of hydro- 
quinones, antagonism by thiols was also noted only with 
Gram-negative organisms. The reaction of thiols with quinones 
is an example of a general reaction, the addition of thiol to 
a : 0-unsaturated ketone. Other substances, both natural 
and synthetic, containing the a : /?-unsaturated ketone group- 
ing have been found to possess antibacterial action which was 
antagonised by cysteine. The antibiotics clavicin and penicillic 
acid were found to abolish the nitroprusside reaction of 


O 



C,ov/c/n Penicillic acid 


cysteine, showing that they reacted with the sulphydryl 
group, and their antibacterial actions were fully antagonised 
by thiols. The synthetic ketone acrylophenone showed similar 
antibacterial action, also antagonised by thiols (Geiger and 
Cohn, 1945 ; Cavallito, Bailey, Haskell, McCormick and 
Warner, 1045 ; Rinderknecht, Ward, Bergel and Morrison, 

Chapler IV we ^cussed the - reversibility of enzyme 

was den 11 ’ W '’’T' a‘ hat ‘ 0Xi ° a ° tion ° f an inhi “ tor 
• dependent on the dissociability of the inhibitor-enzyme 
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hydrogen of ** SH enzymes.” Quinones possess antibiotic 
properties which have been attributed to their ability to react 

Table 14 

The trypanocidal activity of arscnicals in relation to their 
binding by trypanosomes 


(Final arsenic concentration of medium was 1-66 pg./c.c.) 


Compound. (All compounds 
are phenylarsen oxides 
R-C«H 4 AbO unless otherwise 
stated.) 

R 

Relative trypanocidal 
activity in ti/ro (molarj 
referred to phenyl- 
arsenoxide as 100. 

Average 
concentration in 
trypanosome? 
(mgs. As per cent ) 

p-SO,H .... 

0 06 

0-41 

p-CONHCH x COOH 

0 22 

0-36 

pSO x NHCH x CONH* . 

1-4 

0 6S 

p-CHjCONHCHtCONH* 

1-5 

14 


20 

0-2 

3-KHCOCH*-4-OH 

3 0 

2 1 

p-OCH,COOH . 

4-5 

1-5 

p-CH x COOH 

4-7 

1-6 

h-CONHCH t CONH* . 

15-0 

5-7 

p-OCH x CONB x . 

260 

6-8 

3-NH x -4-OH 

27-0 

6-5 

3-OH-4-NH, 

30 0 

6-9 

p-NHCO CTH ,NH, 

31 0 


p-SO x N(C,H ( ) x . 

35 0 


p-NHCONH, 


5 3 

p-SOjNH, . 

30 0 

5 5 

p-COKH, . 

45-0 


3-NH x .4-CONH x . 

52 0 


p-(CH,),COOH . 

54-0 


3-NH x -4-Cl .... 

59-0 



66 0 


2-OH-5-AsO-azobenzene 

71-0 


1-naphthylarsenoxide . 

79 0 


2, 4-diCl . 




90 0 

7-2 

o-CH, 

91-0 


o-Cl 

92-0 


m-Cl 

95-0 


phenylarsenoxido 

100 0 

9-7 




2-naphthyIarsenoxide 

105 0 

10-2 


Foro Eagle and Magnuson ( 1944). 


with sulphydryl groups (Colwell and McCall, 1945). This 
interpretation, although supported by the reversal of certain 
cases of quinone bacteriostasis by thiols such as cysteine or 
thioglycollate, cannot be considered as entirely satisfactory* 
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reversal by thiols v»as only effected in the case of Gram- 
negative organisms. Ho concluded that the activity against 
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COOH 

u-i 2 C 

\o/ A 

Clavicin Pcfltcilhc acid 

cysteine, showing that they reacted with the sulphydryl 
group, and their antibacterial actions were fully antagonised 
by thiols. The synthetic ketone acrylophenone showed similar 
antibacterial action, also antagonised by thiols (Geiger and 
Cohn, 1945 ; Cavallito, Bailey, Haskell, McCormick and 
Warner, 1945 ; Rinderknecht, Ward, Bergel and Morrison, 
1947). 

In Chapter IV we discussed the* reversibility of enzyme 
inhibition, and showed that the toxic action of an inhibitor 
was dependent on the dissociability of the inhibitor-enzyme 


OCH a ch 2 
-CH = A- C— L- CH 3 

A 
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hydrogen of “SH enzymes.” Quinones possess antibiotic 
properties which have been attributed to their ability to react 

Table 14 

The trypanocidal activity of arse meals in relation to their 
binding by trypanosomes 


(Final arsenic concentration of medium was 1-GG pg/c.c.) 


Compound. (All compounds 
are phenylarsenoxides 
R-C^HjAsO unless otherwise 
stated.) 

R » 

Relative trypanocidal 
activity to vtlro (molar 
referred to plienyl- 
arsenoxide as 100. 

Average 
concentration in 
trypanosomes 
(mgs. As per cent.) 

p-SO,H .... 

0-06 

0 41 

p*CONHCH,CO oh . 

0 22 

0 36 

P-SO.NHCH.CONH, . 

1 4 

0 63 

p-CH.CONHCH.CONH, 

1-5 

1-4 

p-CH=CHCOOH 

2 0 

0-2 

3-NHCOCH,-4-OH 

30 

2-1 

p-OCH,COOH . 

4-5 

1-5 

p-CH,COOH 

4 7 

1-6 

p-CONHCH,CONH, . 

150 

6-7 

p-OCH.CONH, . 

260 

G 8 

3-NB,-4-OH 

27-0 

65 

3-OH-4-NH. 

30 0 

6 9 

p-NHCOCH.NH, 

310 

3-6 

p-SO,N(C,H.)j 

35 0 


p-NHCONH, 

35-0 



30 0 

5-5 


45-0 

7-7 

3-NH.-4-CONH, . 

52 0 


p-(CH,),COOH 

54 0 


3-NH,-4-Cl .... 

69 0 


tn-OH .... 

660 



71 0 


l-naphthylarsenoside . 

79 0 


2, 4-diCl .... 



p-Cl .... 

90 0 

7 *2 

o-CH, .... 

91 0 


o-ci 

92 0 


m-Cl . 

95-0 


phenylarsenoxide 

100 0 





2-naphthylarsenoxide . 

105 0 

108 -I 


Fom Eagle and Slagnuson (1944). 


with sulphydryl groups (Colwell and McCall, 1945). This 
interpretation, although supported by the reversal of certain 
cases of quinone bacteriostasis by thiols such as cysteine or 
thioglycollate, cannot be considered as entirely satisfactory. 
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acidic nucleic acid (Massart et ah, 1947). The largo anion of 
sodium dodecyl sulphate can antagonise the bacteriostatic 
action of atebrin (Valko and DuBois, 1944), but in this case, 
there can be no question of the dodecylsulphate ion acting 
nutritionally. 

Quantitative aspect of combination of metals with cells and 
enzymes 

Heavy metals produce lethal effects on living cells at 
extremely low concentrations. When first discovered, this 
general lethal action was considered so remarkable that it 
vvas given the special name “ oligodynamic action ” and 
many elaborate theories were advanced to explain its nature 
(for references see Buchanan and Fulmer, 1928). The low 
concentrations are deceptive, however, since living cells 
suspended in dilute solutions of metallic salts fix quite large 
quantities of metal before lethal action is produced. Quantita- 
tive measurement of the fixation of mercuric chloride by yeast 
(Herzog and Betzel, 1911) showed that there was a considerable 
concentration of mercury in the cell at the time of death. 
Spirogyra were killed by silver at a concentration of Sy per 
litre, but the killed organisms were found to have fixed up to 
60y silver per gm. dry weight (Freundlich and Sollner, 1928). 
Quantitative measurement of the fixation of mercuric chloride 
by staphylococci also indicated that at the time of death 
there was a considerable concentration of metal in the cell 
(Liese and Mendel, 1923). A direct stoichiometric relation was 
found between the number of titratable thiol groups of E. 
typhosa and the amount of mercurial antiseptic required to 
sterilise cell suspensions. If sufficient time of contact were 
allowed, only one quarter of the bacterial thiol groups had to 
be blocked to effect complete sterilisation (Loureiro and 
Lito, 1946). The action of metals on cells is a double effect, 
firstly rapid fixation which is reversible, and secondly slow 
irreversible injury which can probably be attributed to 
general protein denaturation. The initial reversible fixation 
resembles very Closely the action of heavy metals on “ SH 
enzymes,” Thus, Sumner and Myrback (1930) found that 
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complex relative to that of the antagonist-enzyme or 
antagonist-inhibitor complex. The effectiveness of 2:3- 
dimercaptopropanol (B.A.L.) in antagonising war gases, such 
as lewisite, which combine with “ SH enzymes,” was shown 
to be due to formation of highly stable non-dissociating 
ring compounds with the poisons. The stability of these 
compounds is such that B.A.L. can reverse the toxic and 
vesicant effect of lewisite for at least an hour after con- 
tamination of the skin, after which time irreversible changes 
presumably occur. B.A.L. can also counteract the toxic 
effect of arsenical drugs on animals (Stocken, Thompson and 
Whittaker, 1947). 

The failure of B.A.L. to reverse the toxic reaction to 
lewisite if applied to the skin more than one hour after lewisite, 
is characteristic of many antagonists both in vitro and in vivo. 
We showed that enzymes may be reactivated after poisoning 
with mercury or arsenicals, provided the antidote is added 
soon enough after the poison. If bacteria or other unicellular 
organisms are brought into contact with dilute mercuric 
chloride, growth and reproduction are immediately inhibited, 
but provided cells are not left too long in contact with 
mercuric chloride, growth is resumed when mercury is 
removed by hydrogen sulphide or glutathione (Chick, 1908; 
Fildes, 1940a). 

It will he noted that the thiol-antagonism of organometallic 
compounds and heavy metals does not involve competitive 
inlubition as defined at the beginning of this chapter. 
Competitive inhibition is regarded as occurring when two 
substances which cannot interact chemically compete for a 
common centre on an enzyme. Thiols antagonise heavy 
metals, not by competing with them, but by a chemical 
combination. The reversal of acridine bacteriostasis by 
nucleate (Mcllwain, 1941a) and the antagonism of stilb- 
amidine and pentamidine bacteriostasis by the same type of 
compound (Bichowsky, 1944) may be, as suggested by 
Mcllwain, due to the ability of nucleate to function as an 
essential metabolite. The effect can be equally well explained 
on the basis of chemical combination of basic drug with 
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relatively insensitive to the sulpbonamides. Tliis effect was 
traced to the fact that the organisms in question require 
carbon dioxide for growth ; this can be supplied from arginine 
by decarboxylation. When the arginine in tho medium is 
exhausted, carbon dioxide is obtained from other sources. 
This utilisation of carbon dioxide is inhibited by sulphanilamide, 
but' not by sulphapyridine or sulphathiazole, and, in the 
absence of carbon dioxide and arginine, the organism is 
relatively susceptible to sulphanilamide, but the sulphapyridine 
and sulphathiazole resistance are unchanged. 

The study of antagonists has led also into the field of drug 
resistance. It has been found possible, to develop organisms 
resistant to a drug by growth in a medium from which the 
drug antagonist is omitted ; in other words, resistance may 
be developed by training an organism to be independent of 
the essential metabolite of wliich it would be deprived by 
addition of drug. Tims, Corynebacterium diphtheria developed 
resistance to pantoyl taurine when trained to grow in panto- 
thenic acid-deficient media (Mcllwain, 19436). The inhibitory 
effect of indole-3-acetic acid on growth of Strep, fcecalis 
(antagonised by tryptophan) was not apparent when the 
organism was trained to grow on ammonia instead of amino 
acids (Perlman, 1946). 
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purified urease was inactivated reversibly by 1 gm. atom 
of silver per 40,000 g. of enzyme, but a slow secondary 
irreversible combination with a further 10 gm. atoms of 
silver could take place. As noted already, denaturation 
of urease and other enzymes unmasks additional sulphydryl 
groups, so that the course of the reaction can be regarded as 
rapid combination of metal with exposed essential sulphydryl 
groups, followed by slow denaturation of enzyme with 
accompanying increase in power to bind metal. A similar 
effect can be observed with arsenic poisoning of trypanosomes. 
Living trypanosomes fix arsenic reversibly ; after death, cells 
fix about ten times as much arsenic (Reiner, Leonard and 
Chao, 1932). The initial reversible combination of arsenic with 
essential groups of “ SH enzymes ” prevents cell multiplication 
or metabolism ; this causes death of the cell, protein denature- 
tion and unmasking of additional sulphydryl groups. 

Antagonism by amino acids 

Various cases have been reported in which the antibacterial 
effects of drugs other than sulphonamides are strongly 
antagonised by certain amino acids. These results are difficult 
to interpret in terms of cell metabolism. Amino acids are 
essential building blocks for proteins, and it may be that 
their presence in the medium eliminates the need for certain 
synthetic reactions which are blocked by growth-inhibitory 
drugs. Methionine antagonism of sulphonamides has already 
been discussed. Woolley (1946a) reported antagonism of 
plienylpantothenone by amino acids ; histidine was the most 
active, and glutamic acid next. Penicillin-insensitive Gram- 
negative bacilli were found by Shwartzman (1946) to be 
sensitive to the drug in salt-glucose medium. Penicillin 
antagonism, in this medium, was shown by dicarboxylic mono- 
amino acids, and by arginine, histidine, hydroxyproline and 
cystine. Resistance of organisms to penicillin could bo 
changed by repeated culture in the presence of antagonistic 
amino acids. 

Arginine was found by Gale (1946) to have an antagonistic 
effect on sulplianilamide for certain streptococci which are 
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Variation by adaptation . — Enzyme adaptation was fully 
investigated by Karstrom (1938), who distinguished between 
“ adaptive ” enzymes which appeared in response to contact 
of the cell with a suitable substrate, and “ constitutive ” 
enzymes which were always present in the cells of a given 
strain irrespective of the composition of the medium. KarstrOm 
was able to show that organisms grown for a few hours in the 
presence of sugars which they did not normally ferment, 
adapted themselves to ferment these sugars. An example of 


Table 15 


Adaptation of Betacoccus arabinosaceus to ferment sugars 
{+ ■= fermentation ; 0 = no fermentation) 




Sugars subsequently fermented 


grown m 
presence of 

Glucose, 

Fructose, 

Mannose 

Galactose 

Arabmose 

Sucrose 

Maltose 

Lactose 

Glucose . 


0 

0 

( + ) 

0 

0 

Galactose 


+ 

0 

+ 

0 

0 

Arabmose 


0 

+ 

+ 

0 

0 

Sucrose . 


0 

0 

+ 

0 

0 

Maltose . 

+ 

0 

0 

+ 

+ 

0 

Lactose . 

+ 

+ 

0 

+ 

0 

+ 

No carbo- 
hydrate 

+ 

0 

0 

+ 

(+) 

0 


From Karstrom (1938). 


the adaptation of Betacoccus arabinosaceus {Leuconostoc mesen- 
teroides) to ferment various sugars is given in Table 15. 

It seems unlikely that completely new enzymes are 
elaborated by the cell in a few hours in response to external 
stimuli, and the difference between constitutive and adaptive 
enzymes is probably quantitative rather than qualitative. 
Contact with a suitable substrate would not necessarily result 
in formation of a new enzyme, but could increase the rate of 
synthesis or efficiency of utilisation of an enzyme already 
present in small amounts, or decrease its rate of destruction. 





CHAPTER VI 


DRUG RESISTANCE 

Variation 

The enzymic balance of the bacterial cell can undergo 
considerable variation in response to changes in environment. 
Esche richia coli prod u ces up to 20 ti mes more invertase when 
i t is grown in a m edium containi ng sucrose than when th e 
medium contains glucose ( Karst rom, 1938). As a result of 
successive su bculture under su itable conditions, an organism 
ma y develop a capacity to metaboli se substances which were 
pr eviously toxic to it, or i t may develop the ability to 
synth esise an ess ential me tabditej w KcITit lormerly requi red 
as an addition to tEe basal medium (Fildes, Gladstone and 
Knight, 1933). 

f ■ •' l ' I n_genera l ,JwQ_t ypes 0 f enzymic change are recognisable, 

'£/)a rapid development of enzyme activity without the necessity^ 
o f cell div i sion( 2dnd a mu ch slower^ I te^raTtioh^in metaboli c 
patte rn wh ich can only be demonstrated over a series of 
generations.^ Rapid variation in~ehzymic^alance ST response 
to the presence of a given substrate in the culture medium is 
usually equally rapidly reversible. This type of variation we 
shall define asd Variatio n by enzyme ada ptation. Variations 
which can only be observed after a series of subcultures arc 
of a more permanent nature. The change has been brought 
about by a slow process of selection of variants which differ 
enzymically from the parent cells in such a way that they 
are better suited to the new environment. Eventually they 
are present in preponderant amounts, having overgrown the 
other cells of the culture which are less suited to the environ" 
ment. Tliis type of variation we shall define as variati on by,. 

(T) s election . Enzymic variation produced by selection during 

growth of successive generations may be permanent even in 
the absence of the selective mechanism, or it may bo lost 
slowly over a number of subcultures. 
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Variation by adaptation . — Enzyme adaptation was fully 
investigated by Karstrom (1938), who distinguished between 
“ adaptive ” enzymes winch appeared in response to contact 
of the cell with a suitable substrate, and “ constitutive ” 
enzymes which were always present in the cells of a given 
strain irrespective of the composition of the medium. Karstrdm 
was able to show that organisms grown for a few hours in the 
presence of sugars which they did not normally ferment, 
adapted themselves to ferment these sugars. An example of 


Table 15 

Adaptation of Betacoccus arabinosaceus to ferment sugars 
{+ = fermentation ; 0 = no fermentation) 




Sugars subsequently fermented 


grown in 

Glucose, 

Fructose, 

Mannose 






presence of 

Galactose 

Arabmose 

Sucrose 

Maltose 

Lactose 

Glucose . 

+ 

0 

0 

(+) 

0 

0 

Galactose 


+ 

0 

+ 

0 

0 

Arabmose 

+ 

0 

-f 

+ 

0 

0 

Sucrose . 

+ 

0 

0 

+ 

0 

0 

Maltose . 

+ 

0 

0 

+ 

+ 

0 

Lactose . 

+ 

+ 

0 

+ 

0 

+ 

No carbo- 
hydrate 


0 

0 

+ 

(+) 

0 


From Karstrom (1938) 


the adaptation of Betacoccus arabinosaceus (Leuconostoc mesen- 
teroides) to ferment various sugars is given in Table 15. 

It seems unlikely that completely new enzymes are 
elaborated by the cell in a few hours in response to external 
stimuli, and the difference between constitutive and adaptive 
enzymes is probably quantitative rather than qualitative. 
Contact with a suitable substrate would not necessarily result 
in formation of a new enzyme, but could increase the rate of 
synthesis or efficiency of utilisation of an enzyme already 
present in small amounts, or decrease its rate of destruction. 
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248 THE BASIS OF CHEMOTHERAPY 

For maximum enzymic adaptation, it is often sufficient 
simply to expose the organism to a suitable concentration of 
substrate, but in other cases the necessity for accessory factors 
has been demonstrated. Tyrosine decarboxylase was found 
to be produced in optimal amounts only when pyridoxin and 
nicotinic acid as well as tyrosine were added to a basal medium 
(Bellamy and Gunsalus, 1944). The significance of this 
observation became evident later when pyridoxin was shown 
to act as coenzyme for amino acid decarboxylases (Gunsalus 
and Bellamy, 1944a). The necessity for nicotinic acid in this 
adaptation may also be related to its coenzyme function. 

Dubos (1940) suggests that although production of new 
enzymes may occur in the absence of cell division, it must 
always involve synthesis of new protoplasm. The adaptation 
of Saccharomyces cerevisice to galactose fermentation has been 
found to be dependent, in the absence of other carbohydrate, 
on the oxidation of galactose itself, which probably provided 
the necessary energy for enzyme adaptation (Spiegelman, 
19456 ; Reiner and Spiegelman, 1947 ; Spiegelman, Reiner 
and Cohnberg, 1947). Adaptation has not been observed 
where metabolism is not possible. An interesting suggestion 
as to the origin of adaptive enzymes has been made by Jlonod 
(1943, 1944, 1945) and by Spiegelman (1946). These authors 
have obtained evidence that many enzymes concerned with 
the metabolism of chemically-related substrates derive from 
a common pre-enzyme. Some substrates may have greater 
affinity for the pre-enzyme and will be able to displace other 
substrates. This principle is seen at work in the adaptation 
of yeast to various sugars. In the absence of an exogenous 
source of nitrogen, adaptation to galactose lowers the gluco- 
zymase content of yeast cells. If a culture fully adapted to 
maltose is adapted to galactose, the increase in its galacto- 
zymase activity is associated with a sharp drop in maltasc 
activity (Spiegelman, 1946). 

Ease of adaptation varies considerably and in some cases 
actually requires conditions compatible with cell division. 
The amino acid decarboxylases of Escherichia coli are formed 
optimally only under conditions when cell division can occur, 
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For maximum, enzymic adaptation, it is often sufficient 
simply to expose the organism to a suitable concentration of 
substrate, but in other cases the necessity for accessory factors 
has been demonstrated. Tyrosine decarboxylase was found 
to be produced in optimal amounts only when pyridoxin and 
nicotinic acid as well as tyrosine were added to a basal medium 
(Bellamy and Gunsalus, 1944). The significance of this 
observation became evident later when pyridoxin was shown 
to act as coenzyme for amino acid decarboxylases (Gunsalus 
and Bellamy, 1944a). The necessity for nicotinic acid in this 
adaptation may also be related to its coenzyme function. 

Dubos (1940) suggests that although production of new 
enzymes may occur in the absence of cell division, it must 
always involve synthesis of new protoplasm. The adaptation 
of SaccJiaromyces cerevisice to galactose fermentation has been 
found to be dependent, in the absence of other carbohydrate, 
on the oxidation of galactose itself, which probably provided 
the necessary energy for enzyme adaptation (Spiegelman, 
19456 ; Reiner and Spiegelman, 1947 ; Spiegelman, Reiner 
and Cohnberg, 1947). Adaptation has not been observed 
where metabolism is not possible. An interesting suggestion 
as to the origin of adaptive enzymes has been mado by Sfonod 
(1943, 1944, 1945) and by Spiegelman (1946). These authors 
have obtained evidence that many enzymes concerned with 
the metabolism of chemically-related substrates derive from 
a common pre-enzyme. Some substrates may have greater 
affinity for the pre-enzyme and will be able to displace other 
substrates. Tliis principle is seen at work in the adaptation 
of yeast to various sugars. In the absence of an exogenous 
source of nitrogen, adaptation to galactose lowers the gluco- 
zymase content of yeast cells. If a culture fully adapted to 
maltose is adapted to galactose, the increase in its galacto- 
zymasc activity is associated with a sharp drop in maltaso 
activity (Spiegelman, 1946). 

Ease of adaptation varies considerably and in some cases 
actually requires conditions compatible with cell division. 
The amino acid decarboxylases of Escherichia coli are formed 
optimally only* under conditions when cell division can occur, 
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Classification and Routes of Spread of Thoracic and Intrathoraclc Tumors 


may go on for several years. In some eases, 
however, there has been regional lymph node 
involvement. Delaruc and Graham observed 
areas of the tumor in which the cells \scrc 
growing wildly in solid clumps and cords in 
a loose fibrous stroma with no attempt at 
alveolar formation, and in their case there 
was recurrence four years after lobectomy. 
Distant metastases have been described, but 
none of these cases is completely acceptable. 

What, then, arc we to say about the malig- 
nancy of the tumor? Surely it is essentially a 
matter of words. As with carcinoid of the 
appendix and adenoma of the bronchus, the 
neoplasm may be regarded either as benign 
with occasional leanings to malignancy as 
shown by spread to lymph nodes (pulmonary 
adenomatosis), or as malignant but to a very 
slight degree (alveolar-cell carcinoma). It 
would seem advisable to adopt a nonpartisan 
position and take refuge in the term "alveolar- 
cell tumor." 


Even more contentious is the question of 
the origin of the tumor, but it is of academic 
rather than practical significance. A never- 
ending battle rages among the histologists as 
to whether the pulmonary alveoli have a 
lining, and if so, whether or not it is epithelial. 
To the pathologist the matter appears simpler. 
He knows that the alveoli become lined with 
cuboidal cells in a variety of conditions in 
which respiratory function is diminished, c.g., 
chronic passive congestion, lipoid pneumonia, 
chrome interstitial pneumonia, etc. This he 
calls cpithelization or fetalization of the 
alveoli. It is a return to the early fetal state of 
me lung, , n which the alveoli are lined by 
cuboidal cells derived from the cndodermal 
buds that represent the developing bronchi. 

. es< \ ce ^ s P crs ist in later life in flattened 
ana rudimentary form, they would provide 
I, " atural startin B Point for such a condition 
a enomatosis. Herbut and other writers 
renr VC ^ at alveolar cells in this disease 
S ? n an extension of the bronchiolar 
ep hel,um into the alveoli, much as is seen in 
' ? S ' 5 ° f htonchicctasis. This view is 

theJ !" catc 8° ric fas h'on by Fried in 
Veo , "I*" * The ccl,s in diffuse intra-al- 
uoon VCoIar cc1 ') cancer should be looked 
ephheS aS T tation of the so-called alveolar 
m ^ ut as a widely distributed cana- 


licular metastasis from an invisible (with the 
naked eye) or overlooked cancer of the 
bronchus ” This possibility cannot be denied, 
but it fails to fit in with the multiccntric 
nature of the tumors, nor do the cells of the 
tumor resemble those of the bronchial 
mucosa. All in all, origin from alveolar epi- 
thelium seems to be the most satisfying cx- 



Fig. Introd 2-6. Region Invoded by tumor of the 
thoracic inlet (from B. Roy, permiision Surg Gynec & 
Obit 67 590, 1938.) 


planation. (Sec Chapter 29 for a detailed dis- 
cussion of alveolar-cell carcinoma ) 

Tumor of the Thoracic Inlet 

This is the tumor that is responsible for 
the production of the Pancoast syndrome. It 
is not a specific entity (Figure Introd. 2-6). 

The tumor may be intrapulmonary or ex- 
trapulmonary. The intrapulmonary tumor is 
an apical carcinoma arising from a terminal 
bronchiole. The extrapulmonary neoplasm 
may be a secondary carcinoma at the root of 
the neck, carcinoma of the thyroid, neuro- 
genic sarcoma, etc Occasionally the tumor 
may be primary, yet without evident origin 
from any organ in the neighborhood. These 
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Intrathoracie Tumors 



Fig. Introd 2-7. A. Adenoma of bronchus (grots). B. Adenoma of bronchus (microscopic) 
(From W. Boyd, Pothology of Internal Diseases, 1950, courfety lea & Febiger.) 


cases are believed to arise from an embryonic 
rest. 


Adenoma of Bronchus 

Like bronchogenic carcinoma, bronchial 
adenoma is a modern disease — as modern as 
the bronchoscope. Fortunately, it has not yet 
been attributed to cigarette smoking. It is 
much rarer than carcinoma. The sex incidence 
differs. In twenty-six cases analyzed at the 
Toronto General Hospital [8] there were 
equal numbers of males and females, whereas 
the incidence of carcinoma was 91 per cent 
male and 9 per cent female.* The average 
age at which the patient was seen was ten 
years younger than in carcinoma. In seven- 
teen patients the tumor was on the right side, 
in only nine on the left. 

The tumor is usually situated in or near 
a main bronchus. At first it presents a wart- 
like prominence (Figure Introd. 2-7) but 
with the passage of time it may grow in two 
directions. When growth is mainly into the 
lumen the tumor becomes pedunculated, 
“hanging” (in Fried’s happy phrase) “by its 
constricted neck like the clapper of a bell.” 


•These and the following hitherto unpublished 
figures were Kindly supplied by Dr. Detarue work- 
ing under Dr, R- Janes. 


Or the advance may be mainly outward, so 
that, like the iceberg, the greater part ot tu 
bulk may be invisible to the observer tlirougn 
the bronchoscope (Figure Introd. 2-8). 

The microscopic picture varies to a degree 
seldom seen in adenomas in other organs. 
The epithelial cells— oval or round with large 
nuclei and scanty cytoplasm — are arrange 
irregular masses, sheets, or cords separated j 
a delicate stroma rich in blood vesses. 
appearance may be that of solid tubu es, 
may strongly suggest that of the fetal ung 
an early stage of development (Figure n • 
2-7 B). The tumor cells may be , scpa . ra 
from the surface epithelium by fairly ae 



fig, Introd. 2 8. Diagram showing differing 
of adenoma In the bronchial wall. (From H * q. 
A Goldman, permission Surg Gynoc. * ° 

1940) 
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fibrous tissue. Occasionally mesodermal ele- 
ments such as cartilage and bone arc en- 
countered, this was so in three of Deiaruc’s 
twenty-six. cases. The overlying mucosa is 
intact, although it may undergo squamous 
metaplasia. This is another sinking difference 
from bronchial carcinoma. 

The origin of the tumor is a matter of dis- 
pute, some writers favoring the basal cells of 
the mucosa, others the bronchial glands In a 
neoplasm large enough to manifest itself clini- 
cally it is impossible to determine the exact 
cell of origin, nor does it really matter. 
Womack and Graham believe that the ade- 
noma arises from embryonal bronchial buds 


have developed full-blown features of malig- 
nancy the identity of the original tumor is 
lost.*’ The question is very similar to that of 
carcinoid tumor of the appendix, which is 
usually benign though locally invasive, but 
may occasionally spread to the regional nodes, 
and very rarely to distant organs. It is es- 
sentially a matter of words. The adenoma 
may be regarded as a benign tumor with some 
tendency toward malignancy, or as a malignant 
tumor of such low grade that it usually re- 
mains localized But it is surely a mistake to 
speak of an adenoma as malignant merely 
because after a long time it may show malig- 
nant characteristics. One has only to think of 


Fig. Introd. 2-9. InyoiiW bionchiot adenoma. 


that have faded to develop into normal struc- 
tures. The occasional presence of mesodermal 
elements suggests to them a developmental 
origin. The resemblance to a human fetal lung 
in the sixteenth week of development is some- 
times remarkable. 

_T^ e question of maffemmey is unsettled. 

e tumor, although usually circumscribed, 
tn&y invade the surrounding lung (Figure 
ntrod. 2-9). Involvement of the regional 
ymph nodes sometimes occurs. In very rare 
cases minute metastatic tumors have been re- 
ported. It is evident, therefore, that an ade- 
noma has malignant potentiality and should 
H *"**«* » s uch Graham and Womack [16] 
S arther and state that the “majority of 
£:5e tUm0ls become malignant. After they 


adenoma of the thyroid and its occasional 
development into carcinoma to see the truth 
of this statement. That a true bronchogenic 
carcinoma seldom if ever originates as an 
adenoma is shown by the very striking sex 
difference, the distinct age difference, and the 
great difference in the duration of premoni- 
tory symptoms. 

Hamartoma of the lung 

A rare benign tumor of the lung is the 
hamartoma, so called because it is supposed 
to be the result of abnormal development of 
the bronchial anlage (hamartion: a bodily 
defect). Its position is in striking contrast to 
the bronchial adenoma, for it is peripheral, 
often subpleural. In most cases the chief con- 
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stitucnt is cartilage, with occasional bone for- 
mation. There may be epithelial and mucous 
glands and cysts. It usually causes no symp- 
toms and is discovered on routine x-ray exam- 
ination or at autopsy. McDonald, Harrington, 
and Clagett [31] reported twenty-three cases; 
twenty of the tumors were found at autopsy 
and three were removed surgically. 

Pleural Mesothelioma 

Tumors of the pleura may be localized or 
diffuse. The localized tumors arise from the 


In tra thoracic Tumors 
involvement of the pleura, and brusquely dis- 
miss all the reported cases as insufficiently 
studied. With this view, the author is in entire 
disagreement. The lack of agreement, as 
Klemperer and Rabin [25] remark, is due to 
the wide variations in the microscopic ap- 
pearance, some of the tumors being epithelial 
in character, some fibroblastic, and others 
either both or neither. The tumor, therefore, 
may present a picture suggesting either car- 
cinoma or sarcoma. The combination of con- 
nective tissue and epithelial elements is 



Fig Introd. 2-10. Pleural mesothelioma showing invasion of 
the lung 


subserous connective tissue of either the vis- 
ceral or parietal pleura. The most important 
member of the group is the so-called giant 
sarcoma of the visceral pleura, which is of 
very slow growth and neither infiltrates nor 
metastasizes, so that it may attain an enor- 
mous size and fill the entire pleural cavity. In 
spite of its benign behavior, it has the micro- 
scopic appearance of a fibrosarcoma. 

The diffuse tumor arising from the meso- 
thelial lining of the pleura has long been, and 
still is, the subject for sharp differences of 
opinion. Some authors, of whom Willis [43] 
is the chief modem representative, deny the 
very existence of the condition, holding that 
all such tumors are examples of metastatic 


characteristic of these growths. PostoIofT, w 
reporting a case from my laboratory, points 
out that the most valuable single procedure 
is a thorough gross examination to rule out 
other possible primary tumors. 

The gross appearance is highly character- 
istic, for there is a diffuse thickening of the 
pleura that may extend over a considerable 
area or even the entire lung, and may be over 
1 cm. in depth, as might be expected in a 
tumor arising from surface cells. Both layers 
of the pleura may be involved. Invasion 01 
the lung may be entirely missing, but more 
often the tumor Involves the septa and pa- 
renchyma, producing irregular nodules or 
masses that may suggest a possibility of 
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Classification and Routes of Spread 

bronchogenic carcinoma (Figure Introd. 2- 
10.) Pleural efiusion is common, at first ser- 
ous and later hemorrhagic. Mctastases may 
appear in the bronchial, mediastinal, or cervi- 
cal lymph nodes and in the liver and spleen. 

Pulmonary Arteriovenous Aneurysms 

It may be questioned whether this condition 
should he considered in a hoolc on neoplasms. 
The justification for doing so is that one of 
the alternative names is pulmonary cavernous 
hemangioma, and that surgical treatment is 
attended by brilliant results. 

The salient features of the disease arc ex- 
pressed so clearly and concisely in a paper by 
Pugsley in an analysis of five cases in the 
Toronto General Hospital that I take the 
liberty of transcribing the opening paragraph 
of his article. (Parenthetically it may be re- 
marked that the report of the first case to be 
cured by pneumonectomy was made by 
Hepburn and Dauphmce of the same hospital 
in 1942, the operation being performed by 
Shenstone and lanes.) 

Arteriovenous aneurysm of the lung is a rare 
anomaly of the pulmonary circulation in which 
a large vascular cavity, incompletely divided by 
septa, is in direct communication with one or two 
dilated branches of the pulmonary artery and 
vein A proportion of the venous blood in the 
pulmonary artery passes through the aneurysmal 
sac to the pulmonary vein and, therefore, fails 
o be aerated in the lungs; consequently the 
mood is returned to the systemic circulation in- 
completely saturated with oxygen The arterial 
anoxi a gives rise to dyspnea on effort, cyanosis, 
c u °f ln S of the fingers, and a secondary poly- 
cy hernia When a young person presents the 
ove combination of signs, without evidence of 
cart disease, and a radiograph of the chest re- 
ea s a discrete density in the lung, a pulmonary 
ancriovenous aneurysm should be suspected [37] 

Little need be added to the above sum- 
mary. About half of Pugsley’s cases had cere- 
ra j symptoms such as dizzy spells, brief 
periods of inability to speak, or attacks of 
unconsciousness or convulsions. Telangiecta- 
S 'f S ^* n or mucous membranes 

p 1 e nose or °ral cavity were present in 40 
P e r cent of the cases This association indi- 
a es a developmental defect in the formation 
ood vessels in different parts of the body 
ayward and Reid suggest that this defect 
y ave a hormonal basis, as indicated by 


the presence of telangiectases during preg- 
nancy and in cirrhosis of the liver, a condition 
in which there is interference with the normal 
breakdown of steroid hormones in the liver. 
Symptoms usually begin in the first or second 
decade. In the x-ray film there is a rounded, 
discrete density in the lung, with linear opaci- 
ties connecting it with the hilus. An angio- 
gram taken a few seconds after the injection 
of Diodrast will demonstrate filling of the 
pulmonary density. 

The condition is slowly progressive and 
finally may incapacitate the patient. Death 
may occasionally resu't from rupture of the 
aneurysm into a bronchus or the pleural 
cavity. This indicates the necessity for surgi- 
cal excision. 

Hayward and Reid, by means of skilled 
dissection of the lesion injected with gelatin, 
have shown that the aneurysm, or telangiecta- 
sis as they prefer to call it, is a large cavity 
supplied by a greatly dilated pulmonary artery 
and drained by an equally dilated pulmonary 
vein. When the lung is sliced, these tortuous 
vessels are cut across, giving a multilocular 
appearance that has led to the mistaken diag- 
nosis of cavernous angioma. The large lesion 
is merely an exaggeration of a more difTuse 
process, for they demonstrate and illustrate 
many small, dilated vessels scattered through 
the adjacent lung. 

MEDIASTINAL TUMORS 

The mediastinum is a complex structure 
containing a great variety of tissues It is 
natural that an equal variety of tumors should 
have been reported. The most useful classifi- 
cation is to divide these tumors into those of 
the anterior mediastinum and those of the 
posterior mediastinum. Excluding lympho- 
blastomas of the mediastinal nodes (lympho- 
sarcoma, reticulum cell sarcoma, Hodgkin’s 
disease) and secondary tumors of these nodes, 
which will not be considered here, the neo- 
plasms may again be divided into two great 
groups: the neurogenic tumors and the tera- 
tomas, which may be solid or cystic. The 
former group is almost always confined to the 
posterior, the latter to the anterior mediasti- 
num. In addition to these, mention must be 
made of some additional types, including 
tumors of the thymus gland. 
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Neurogenic Tumors of Ihe Mediastinum 
These tumors are practically confined to 
the posterior mediastinum by reason of the 
fact that they nearly always arise from the 
posterior roots of the spina! nerves. Only two 
cases in the literature ore reported as being 


Fig. Introd 2-1 J. Neurofibroma with elongated eelli 
and nuclei. (X 320 ) 

in the anterior mediastinum, but the writer 
has recently encountered at autopsy one tumor 
weighing 1,225 Gm. in that location. The 
tumor may be a neurofibroma (Figure Introd. 
2-11) or a ganglioneuroma (Figure Introd. 
2-12), also called a sympathicoblastoma be- 
cause of its origin from ganglia in the sympa- 
thetic chain. The neurofibroma may be benign 
or malignant. 

The neurofibroma is not a true tumor in 
the strict sense of the word, but rather a dis- 
orderly overgrowth of nerve tissue similar to 
that seen in the neurofibromatosis of von 
Recklinghausen's disease. The principal con- 
stituent is a long cell with a fusiform nucleus 
(Figure Introd. 2-11) which is derived ac- 
cording to Masson from the sheath of 
Schwann or neurilemma, and according to 
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Pcnficld from the perineurium or connective 
tissue investment; hence the names schwan- 
noma, neurilemmoma, and perineurat fi- 
broma. 

Teratoid Tumors of the Mediastinum 
“It would be difficult to find in the adult 
human body a region of less intrinsic interest 
than that space between spaces known to 



anatomists as the anterior mediastinum. T 1S 
statement was made by Wilson in 1884. Other 
times, other ideas; for this “space between 
spaces” has now become of very gre at 
terest both to the thoracic surgeon and to t e 
pathologist. Developmental tumors, solid an 
cystic, are confined to the anterior medial 1 ' 
num. They are likely to manifest themselves 
first in adolescence or early adult life. 0^ 
occurred in a stillborn infant. Evidence o 
intrathoracic pressure in early adult *< c 
should suggest the possibility of a teratoma- 
Although all the lesions arc teratoid, it has 
become customary to reserve the term tcra- 
toma for the solid tumors and to speak of th c 
cysts as dermoids. A convenient classification 
suggested by Hedblom [18] is into cpidet' 
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molds, dermoids, and teratomas. The epider- 
moids are cysts containing only derivatives of 
ectoderm, lined by squamous stratified epi- 
thelium, with glands in the dense fibrous wall 
(Figure Introd. 2-13) and filled either by 
milky fluid or sebaceous material often mixed 
with hair. The dermoids arc cysts that have 
tissues of mesodermal as well as ectodermal 
origin. Thus, in addition to hair, epithelium, 
and glands, there arc cartilage, bone, teeth, 
and muscle. The teratomas are solid tumors 
which, in addition to the above, contain tis- 
sues of entodermal origin, c.g , respiratory 


that the tumors arise as the result of an ab- 
normality in the development of the third and 
fourth branchial arches. Groups of cells sepa- 
rated in the early stage of development may 
be carried into the thorax by the normal de- 
scent of the heart and great vessels and there 
develop into tumors. 

The tumor may be stationary, or may in- 
crease in size as the result of infection or 
malignant change. The latter, which is more 
common in the solid tumors, may take the 
form of squamous-ccl] carcinoma or adeno- 
carcinoma. The symptoms are likely to begin 



Fig. Introd. 2-13 Teratoid tvmar of epidermal type ( X 90 ) large man of 
Stratified epithelium to the left and alveolar epithelium to the right 


and digestive tract structures. Laipply [27], 
•n an analysis of 245 cases from the literature, 
found epidermoid cysts to be the commonest, 
followed at some distance by dermoid cysts 
and teratomas in equal numbers 
The precise origin of teratoid tumors has 
never been settled, although all sorts of sug- 
gestions, fantastic and otherwise, have been 
propounded, such as segregation of a blasto- 
mere * a misplaced sex cell, and even an ex- 
truded polar body. Why this should occur 
particularly in the anterior mediastinum has 
never been explained. The tumors are nearly 
a ways situated high in the superior mediasti- 
num, and may be firmly attached to the peri- 
cardium and great vessels. The theory that 
appears best to fit in with the observed facts 
that su ggcsted as long ago as 1869, namely. 


in early adult or middle life. Cough, especially 
in the recumbent position, is the most con- 
stant feature; there may be pain and dyspnea. 
The sputum may be blood-streaked and con- 
tain sebaceous or gelatinous material, mixed 
with hair in the case of cysts. This indicates 
rupture of the cyst with infection. Expectora- 
tion of hair and sebaceous material, known 
as trichoptysis, is the one pathognomonic 
symptom, although complaints by the patient 
of this occurrence have been received in the 
past with amused skepticism and incredulity. 
A circumscribed shadow in the anterior me- 
diastinum is seen in the x-ray film, and the 
presence of teeth is pathognomonic. Thy- 
momas and lymphoblastomas give shadows 
in the same position, but as these tumors are 
radiosensitive the shadow may decrease in 



262 

response to therapeutic radiation. Increasing 
pressure may lead to extrinsic stenosis of a 
bronchus, with occlusion, infection, pneumo- 
nitis, bronchiectasis, and abscess formation. 
For further details of teratoid tumors the 
reader is referred to the masterly paper by 
Rusby [41], which deals with all aspects of 
the subject. 

Mediastinal Cysts 

In this place, cysts other than those of the 
teratoid group will be considered. The dis- 


Intrathoracic Tumors 
bronchial tree, esophagus, stomach, or intes- 
tine. The origin of the bronchial, esophageal, 
gastric, and enteric cysts can be explained in 
this way. All these tumors occur in the pos- 
terior mediastinum, whereas the teratoid cysts 
and pericardial cysts are limited to the an- 
terior mediastinum. 

BRONCHIAL CYST 

The bronchial or bronchogenic cyst is usu- 
ally situated in the posterior part of the su- 
perior mediastinum, at the bifurcation of the 



Fig Introd. 2-14. Large bronchial cy»t. (Coarleiy Dr. S A Wallace.) 


tinction is somewhat artificial, because both 
sets of cysts are developmental in origin. It 
is, however, of practical value, because these 
cysts never become malignant Unlike the 
teratoid group, they do not contain dermal 
or epidermal structures. The cysts, depending 
on their structure, may be bronchial (bron- 
chogenic), esophageal, gastric, or enteric (en- 
terogenous). Pericardial cysts belong to a 
separate category. 

The trachea and bronchi are formed from 
the primitive foregut. Laipply [27] suggests 
that a small bud or diverticulum of the gut 
may be pinched off, containing entoderm and 
mesoderm destined to become a part of the 


trachea in particular, and attached to e 
canna or a large bronchus (Figure Intr 
2-14). It may, however, be found at a y 
point along the line of the tracheobronchial 
tree in the lung, and even in the wall o 
esophagus. The contents are mucoid or g e 
tinous. The lumen does not communicate w 
the bronchi. The distinctive feature is 
lining of ciliated, pseudostratified, columns 
epithelium. The wall of the cyst consists 
fibrous tissue, smooth muscle, cartilage, tnu 
cous glands, and nerve bundles, i c » * 
normal constituents of the bronchial wa 
(Figure Introd. 2-15). . 

Pressure symptoms, in particular coug > 
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Fig Introd. 2-15 Bronchial cyst (X 90.) Microscopic picture of cyst shown 
in Figure Introd. 2-t4 


dysphagia, and cyanosis, generally develop in 
the first few months of life. There may be no 
symptoms, the cyst being found at autopsy. 

ESOPHAGEAL CYST 

This cyst is similar to the bronchial cyst, 
except that it is lined by squamous stratified 
epithelium and its wall resembles that of the 
esophagus 

GASTRIC CYST 

These cysts are found m the posterior me- 
diastinum behind the trachea and esophagus, 
usually m infants and young children. The 
wall of the cyst resembles that of the stomach, 
and the contents are usually strongly acid 
(Figure Introd. 2-16). For this reason a 
chronic gastric ulcer may develop, which may 
erode the trachea and give rise to hemoptysis. 

ENTERIC CYST 

This rarest of the cysts is similar to the 
gastric cyst except that its wall presents the 
structure of the intestine. 


PERICARDIAL CELOMIC CYST 
The pericardial cavity is formed by tf 
usion of multiple disconnected lacunae, 
one of these fails to fuse with the others, 
cyst will result. It is regarded as being a gre 
anty, yet Lillie, McDonald, and Clagett [31 
sport twelve such removed surgically b 
ween 1941 and 1947. In contrast with tl 


other mediastinal cysts (exclusive of der- 
moids), this one occurs in the anterior me- 
diastinum, generally at a cardiophremc angle, 
twice as often on the right side, and is in con- 
tact with the pericardium, the anterior chest 
wall, and sometimes the diaphragm. The 




lining is a single layer of flattened cells, and 
the contents arc so clear and limpid that the 
cyst has been given the poetic name of 
“spring-water cyst.” There are usually no 
symptoms, the cyst being discovered in rou- 
tine x-ray examination or post-mortem, but 
occasionally there may be dyspnea or pain. 

Miscellaneous Mediastinal Tumors 
LIPOMA 

This rare tumor is always benign and of 
slow growth, so that it may attain a very great 
size before producing symptoms. It is an an- 
terior mediastinal tumor, which may remain 


Imrathoradc Turnon 
the ease of teratoid cysts, neither of which 
arc present in the ease of lipoma. 

CYSTIC LYMPHANGIOMA 
This is perhaps the rarest of mediastinal 
cysts. It is a large, multilocular structure con- 
taining watery fluid and lined by endothelium. 
It probably arises from a portion of the anlage 
for lymphatic formation in the neck, which is 
drawn down by the descent of the pericar- 
dium. 

THYMOMA 

The thymus consists of: (1) epithelial cells 
which constitute the medulla, where they 






Fig Inlrod. 2-17. Thymoma (X 510) 


intrathoradc or may grow up into the neck or 
out between the ribs. Removal is not difficult, 
but the patient may die soon after the opera- 
tion if the tumor is large, for during its slow 
growth the heart and lungs have gradually 
become accustomed to strains and pressures 
that are suddenly released when the tumor is 
removed. It is with the teratoid tumors and 
cysts that the lipoma is likely to be confused. 
Its most characteristic radiologic feature is its 
transluccncy. An aspirating needle encounters 
resistance and reveals gelatinous material in 


form Hassal’s corpuscles, and the rcticu 
cells of the cortex; (2) lymphoid cells w lC 
make up the greater part of the cortex ( se 
Chap. 31). 

Tumors of the thymus, situated in the an. 
tenor mediastinum, may be benign or ma 'S 
nant. The benign tumors tend to rcprodec 
the various elements of the normal g' 311 
(Figure Introd 2-17). They may attain a re* 
markable size, Andrus and Foot [1] reporting 
one weighing 2,335 Gm. which was success 
fully removed. The malignant thymoma may 
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consist principally of either of the two cellular 
components, lymphocytic or epithelial. It may, 
therefore, present a picture of lymphosar- 
coma or of epidermoid carcinoma, the latter 
being composed of innumerable thymic cor- 
puscles in all stages of development and de- 
generation. A thymic tumor is sometimes 
present m myasthenia gravis This has sug- 
gested removal of the thymus, whether or not 
a tumor is present, in the treatment of the 
condition, a procedure which has been at- 
tended with success in some cases. 

LYMPH NOOE TUMORS 
Tumors of the lymph, nodes, situated in the 
anterior mediastinum, form the largest group 
of mediastinal tumors They may be primary 
or secondary The primary tumors form the 
group of the malignant lymphoblastomas, of 
which the members arc lymphosarcoma, rc- 
ticulum-cell sarcoma, and Hodgkin’s disease- 
Although general lymph node enlargement is 
the rule, it may be confined to the mediasti- 
num. The marked radiosensitivity of the mass 
is of great value in distinguishing these neo- 
plasms from other tumors of the anterior 
mediastinum The secondary tumors are usu- 
ally secondary to bronchogenic carcinoma, 
but the primary neoplasm may be in the 
abdomen, the esophagus, the breast, or the 
neck. 


TUMORS OF THE CHEST WAIL 



or sternum. No reference need be made to the 
usual s i{i n tumors. 

Tumors of the Soft Parts 

These may be benign or malignant. The 
* le ^ representative of the former group is 
ipoma; of the latter, sarcoma Lipoma is 
noteworthy chiefly because of the enormous 
size which it may attain. If it arises in the 
e eper part of the intercostal space, it may 
grow both outward and inward, assuming a 
umbbell form like that of neuroma of the 
S ? ,n ^ series. Fibrosarcoma is the commonest 
0 f e malignant tumors. The microscopic ap- 
pearance is often misleading, and the pathol- 


ogist may be in doubt to such a degree that 
he may hesitate to make a diagnosis of sar- 
coma. The surgeon must not be misled by a 
report of doubtful or very low-grade malig- 
nancy. Unless his resection is wide and 
thorough, the tumor is likely to recur. 

Tumors of Bone and Cartilage 

The ribs and sternum are red marrow 
bones. This fact serves as a guide to the type 
of tumors which may be expected, for mul- 
tiple myeloma and secondary carcinoma are 
tumors of red marrow. 

Secondary carcinoma is the commonest 
tumor of the ribs and sternum. Mention may 
be made of secondary thyroid carcinoma, but 
with this exception these tumors do not de- 
mand further consideration here. Chondroma 
or chondrosarcoma is the chief primary 
tumor, usually m the ribs, occasionally in the 
sternum. Here, again, the microscopic distinc- 
tion between the benign and malignant may 
be difficult or impossible, and the surgeon 
must govern himself accordingly, removing 
the periosteum, attached muscles, and under- 
lying pleura. The tumor may enlarge very 
slowly for a number of years and then sud- 
denly take on rapid growth; or growth may 
be rapid from the beginning. It seems justi- 
fiable to regard the first group as chondroma 
later becoming malignant, the second group 
as chondrosarcoma from the start Rapid in- 
crease in size is on the whole a more reliable 
criterion of malignancy than is the micro- 
scopic picture. In the x-ray film the pure 
chondroma is invisible, it is seen only when 
calcification or ossification has occurred. In 
chondrosarcoma there may be extensive de- 
struction of the bone. 

Eosinophilic granuloma and fibrous dys- 
plasia are benign lesions of the ribs which 
may readily be mistaken for malignant 
tumors. Giant -cell tumor, osteogenic sarcoma, 
and Ewing's tumor are rare. The ribs and 
sternum are common sites of multiple mye- 
loma Occasionally there may be a solitary 
myeloma of the rib that is amenable to surgi- 
cal removal. For a detailed description of the 
various forms of tumors of the chest wall the 
reader is referred to Janes’s excellent paper 
122 ] 



CHAPTER 12 

Physiologic Considerations in Surgery of the Chest 

Herbert C. Maier 


The morbidity and mortality attending rad- 
ical operative removal of thoracic cancer arc 
influenced by the surgeon’s recognition of 
the associated physiologic alterations. 

PULMONARY PHYSIOLOGY 

The most important functions of the lungs 
are oxygenation of the blood and the removal 
of carbon dioxide. The respiratory process 
hinges on the two primary factors of an ade- 
quate movement of gases into and out of the 
lung, and proper perfusion of the pulmonary 
capillaries. These two processes are closely 
interrelated. 

Adequate ventilation of the lungs requires 
a chest cage with sufficient mobility to permit 
(1) a satisfactory bellows mechanism for gas 
exchange with the outside atmosphere, (2) 
pulmonary tissue with reasonable elasticity, 
(3) the absence of obstruction in the tracheo- 
bronchial tree, (4) alveoli that are free of 
transudate or exudate, (5) the avoidance of 
interference with pulmonary ventilation by 
air and fluid in the pleural cavity, (6) a 
normal respiratory drive, and (7) a proper 
flow of blood through the pulmonary capil- 
laries. 

The bellows mechanism of the chest cage 
is produced by a complicated integration of 
movement of the chest wall and diaphragm. 
Impaired motion of one of these tends to be 
compensated for by augmented excursion of 
the other. Therefore, when the function of the 
chest cage is impaired, the diaphragmatic 
motion assumes much greater significance, 
and vice versa. If the movement of both chest 
wall and diaphragm is restricted at the same 
time, ventilatory insufficiency may result. In 
pulmonary emphysema the characteristic find- 
ing is a relatively immobile chest wall and a 


low diaphragm with little respiratory motion. 
When the stability of the chest wall is im- 
paired by extensive rib resection, as in the 
radical removal of a tumor of the thoracic 
wall, the normal ventilatory motion is altered 
The decostalizcd portion of the chest wall no 
longer moves in the usual manner but has a 
paradoxical motion in relation to the phase 
of the respiratory cycle, with resultant re- 
duction of respiratory function and abnormal 
mediastinal motion. Technics that minimize 
such abnormal mobility of the chest cage must 
be employed. 

Impairment of elasticity of the lung, as oc- 
curs in pulmonary emphysema, is the mos 
important cause of respiratory insufficiency 
in the older age group with cancer of the lung. 
The operative risk and later disability ® 
pneumonectomy are closely correlated w 
the degree of emphysema in the remaining 
lung. The respiratory insufficiency that may 
result from overdistention of an erap y se " 
matous lung after pulmonary resection mus 
be borne in mind. 

Moderate narrowing of the trachea or 
primary bronchus may not interfere wit 8 
exchange before operation unless secon ary 
bronchospasm or bronchial secretion is an a 
ditional factor. As bronchostenosis increases, 
obstructive emphysema and atelectasis m3y 
follow, with virtual loss of function. Obstru 
live emphysema may be overlooked on ^ 
usual roentgenogram but should be detec 
on fluoroscopic examination. Narrowing 
the airway, which produces no symptoms pj c ^ 
operatively, may yet cause sufficient venti a 
tory interference to be a factor in the deve op* 
ment of pulmonary edema during inhalation 
anesthesia with a closed system. A free air 
way without undue resistance to gas exchang 
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is a primary requisite of all thoracic surgery. 

If the alveolar spaces contain transudate, 
blood, or exudate, air cannot have proper con- 
tact with the pulmonary capillaries. 

The most frequent causes of pulmonary 
complications associated with thoracic opera- 
tions are an inadequate airway, retained se- 
cretions or blood in the tracheobronchial tree, 
and overloading of the reduced pulmonary 
vascular bed from too much intravenous 
fluids and blood Hypotension and hemor- 
rhage increase the likelihood of pulmonary 
congestion. 

Accumulations of air and fluid m the 
pleural cavity interfere with lung expansion 
Not only is the lung partly collapsed, but as- 
sociated impairment of chest wall and di- 
aphragmatic motion may be present. When a 
patient is close to respiratory insufficiency, a 
small additional loss of respiratory function 
may be crucial. 

A normal respiratory drive is a great safety 
factor. If the respiratory center is depressed 
by drugs, anesthetics, anoxemia, or marked 
caibon dioxide accumulation, ventilatory 
failure may be precipitated. Here, too, the 
vulnerability of the patient may be greatly 
influenced by the general nutritional, meta- 
bolic, and circulatory status. 

A proper flow of blood through the capil- 
laries of the lung is essential for the inter- 
change of oxygen and carbon dioxide be- 
tween the alveolar gases and blood. There is 
a remarkable correlation between pulmonary 
ventilation and pulmonary capillary flow. 
When the ventilatory function of a lung is 
diminished because of bronchial obstruction, 
by collapse of the lung from external factors, 
°r by impaired motion of the thoracic cage, 
there is an early and rapid reduction in the 
pulmonary capillary flow through the cor- 
responding portion of the lung with shunting 
of most of the right ventricular output to 
! ose parts of the lung which are well venti- 
lated. 

Normally the pulmonary vascular system 
is capable of a large increase in minute volume 
ow without an increase in pressure. If other 
portions of the pulmonary vascular bed are 
normal, considerable portions of lung may be 
excised or the capillary blood flow through 
ar ge areas diminished without raising pul- 
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monary artery pressure. If there is diffuse 
narrowing of the pulmonary vessels, an 
increase in minute volume flow, as occurs 
during exercise, may result in an increase in 
the pulmonary artery pressure with resultant 
strain on the right ventricle. Resection of one 
lung results in a marked reduction in the 
pulmonary vascular bed, and adjustment to 
such an alteration will depend on the adequacy 
of the vascular bed m the remaining lung. 

Most pulmonary tumors arise from the 
bronchial wall and tend to occlude the 
bronchus as the growth enlarges. Since this is 
usually a gradual process, the diminished 
ventilation of the involved segment, lobe, or 
lung is associated with a considerable reduc- 
tion of blood flow through the pulmonary 
artery of the corresponding region. There- 
fore, most patients with a bronchogenic 
tumor, even if the main bronchus is ob- 
structed, have no hypoxia prior to operation. 
The significant exceptions occur in the pres- 
ence of associated diffuse pulmonary emphy- 
sema, obstruction to the airway of both lungs 
as by partial tracheal obstruction, an acute 
pneumonic process of recent occurrence, and 
impaired pulmonary circulation as in cor 
pulmonale or occasionally with diffuse car- 
cinomatous metastases. Thus, hypoxia in a 
patient with a bronchogenic tumor unassoci- 
ated with an acute pneumonia usually means 
that the opposite lung is not normal. Dyspnea 
and cyanosis require a most thorough study 
of respiratory and cardiac reserve. 

ALTERATIONS DURING OPERATION 

If the ventilation of the lung during a sur- 
gical procedure involving a widely open 
thorax is not sufficient to keep the arterial 
blood well oxygenated, the hypoxia produced 
thereby may cause early circulatory failure. 
An individual with good vital capacity with- 
stands an open pneumothorax unassisted for 
a time, the patient with diminished pulmonary 
function may be unable to tolerate the accu- 
mulated physiologic maladjustment. The 
physiologic disturbances associated with such 
an open pneumothorax must be minimized. 
Pulmonary ventilation during operations re- 
quiring an open pneumothorax is controlled 
by the application of a slightly positive pres- 
sure within the tracheobronchial tree. This 
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also greatly diminishes the to-and-fro motion 
of the mediastinum with respiration. It must 
be recognized, however, that positive intra- 
thoracic and intrabronchial pressure does 
have some deleterious effect on the circula- 
tion. The minimum amount of positive pres- 
sure necessary for adequate ventilation should 
be the goal. Positive pressure should be em- 
ployed only during those portions of the op- 
erative procedure in which it is really re- 
quired. 

Respiratory acidosis is particularly opt to 
occur with shallow respiration during an intra- 
pleural operation on an emphysematous pa- 
tient, which may cause secondary cardiocircu- 
latory effects during and immediately after 
operation. Ordinarily, the unanesthetized pa- 
tient does not have any carbon dioxide 
retention if the respiratory function is ade- 
quate to maintain normal oxygenation of the 
arterial blood. Carbon dioxide retention with 
resultant acidosis may occur in association 
with the hypoxia of severe emphysema or of 
tracheobronchial obstruction; in such patients 
oxygen therapy, although lessening the hy- 
poxia, may occasionally aggravate the respira- 
tory acidosis because of the depression of 
respiration. 

Some intrathoracic procedures may result 
in the simultaneous opening of both pleural 
cavities. This situation can be adequately man- 
aged. A small opening into the contralateral 
pleural space occurring during esophagectomy 
may occasionally lead to a large and serious 
pneumothorax because air becomes trapped 
in the opposite pleural cavity. The anesthetist 
can satisfactorily control the inflation and 
ventilation of both lungs provided that neither 
lung is compressed by trapped intrapleural 
air. Therefore, the surgeon must ascertain 
that a sucking type of pleural opening is not 
producing a progressively enlarging pneumo- 
thorax on the contralateral side. Immediate 
postoperative roentgen examination should 
be done in any case in which such a condi- 
tion may exist. In the rare situation in which 
simultaneous drainage of both pleural cavities 
is necessary postoperatively, it is mandatory 
that suction drainage be employed, as ordi- 
nary water-seal drainage bilaterally may not 
permit adequate pulmonary function. 


PNEUMONECTOMY 
Pneumonectomy results in displacement of 
the mediastinum toward the side of operation 
with an associated overexpansion of the re- 
maining lung. The anatomic and physiologic 
adjustment is more satisfactory following left 
pneumonectomy. Since the left lung is smaller 
than the right, there is less reduction in the 
vascular bed and also the heart makes a more 
satisfactory anatomic adjustment. For these 
reasons, circulatory and respiratory disability 
is likely to be greater after right pneumonec- 
tomy. The age of the patient and the status of 
the remaining lung, especially in regard to 
emphysema, are important factors. When 
pneumonectomy is performed in childhood, 
the ultimate respiratory function is better than 
when pulmonary resection is done in later 
life. The most important factor in the eventual 
respiratory function is the avoidance of such 
a degree of hyperinflation of the remaining 
lung that it becomes an inefficient ventilatne 
organ. Considerable hyperinflation ol 
normal elastic lung may not interfere «i 
pulmonary function, whereas a similar dept 
of overexpansion of a somewhat emp y 
matous lung may result in a re! P‘ ra, .'J 
insufficiency. Therefore, in some cases 
pneumonectomy it is mandatory a 
diastinai displacement be limited >” 
to lessen the overinflation of the rem I 
lung. Marked shift of the mediastinum 
pneumonectomy can be prevente ; 
thoracoplastic collapse of the hemi 
from which the lung was removed 
In the older age group undergoing P 
monectomy for cancer, the frequen ^ 
rence of emphysema demands a care 
sideration of the undesirable features o 
astinal displacement and hyperinflation 
remaining lung. Otherwise, a consider ^ 
morbidity and mortality from rig 
failure and pulmonary insufficiency m 3 / 
subsequently in patients who have a fay 
prognosis from the standpoint of t e ' _ 
plastic disease. In some cases res P l . ...j 
function is so reduced that a more < 
operation than pneumonectomy is dicta e 
physiologic considerations. y 

In the first few days after pneumonecto J* 
there is usually a slight drop in the ar 
oxygen saturation. Oxygen therapy wi 
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rect this early postoperative hypoxia if the 
remaining lung is relatively normal. Although 
the patient may feel slightly short of breath 
after pneumonectomy, marked dyspnea in the 
postoperative period usually indicates serious 
abnormality in the remaining lung or cardio- 
circulatory failure. 

Immediately after the completion of a pneu- 
monectomy, it is most important that the 
intrapleural pressure be adjusted to a slightly 
negative level so that the mediastinal struc- 
tures are not shifted, otherwise the patient 
may be left with a positive or highly negative 
intrapleural pressure with associated medi- 
astinal displacement. The effects of such an 
abnormal physiologic status may not be 
clinically manifest at once. A positive intra- 
pleural pressure may interfere with cardiac 
filling and precipitate circulatory failure, which 
Is often erroneously attributed to a primary 
cardtac fault. If mediastinal displacement is 
avoided in the first few days after pneumonec- 
tomy, the incidence of cardiac arrhythmia and 
failure, pulmonary edema, and other respira- 
tory complications will be reduced markedly. 
The gradual mediastinal shift that occurs in 
later weeks and months is compensated for 
by the patient. 

lobectomy 

Following the resection of a lobe of one 
lung there is often a moderate drop in the 
arterial oxygen saturation for a period of a 
few days. This anoxia may be present even 
though the remaining lobe re-expands rapidly 
in the postoperative period. The hypoxia is 
due to a temporary imbalance between venti- 
lation and circulation in the remaining lobe, 
caused by the temporary splinting of the side 
of the operation. If complications occur in 
the postoperative period following lobectomy, 
Ihe duration of hypoxia may be longer. 
°*ygen therapy is desirable until the arterial 
saturation returns to normal. There is no 
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hypoxia after the early postoperative period 
unless other pulmonary disease is present. 

The degree of change in lung volume and 
in residual air following lobectomy will vary 
depending on the extent of disease in the re- 
moved lobe and the condition of the remain- 
ing pulmonary tissue. In some cases in which 
the removed lobe is markedly diseased, there 
may be little alteration from the preoperative 
findings. 

The effects of pulmonary resection on 
respiratory function vary with the amount of 
lung tissue removed. When a half or less of 
one lung is excised, the remaining part of that 
lung hypennflates to occupy a volume some- 
what less than that of an entire lung. After 
lobectomy, there is usually slight elevation of 
the diaphragm and perhaps slight mediastinal 
shift to lessen the size of the hemithorax. If 
the remaining lobe was normal, it may show 
a considerable increase in ventilation and a 
moderate increase in oxygen uptake after the 
lobectomy. If emphysema was already pres- 
ent in the lobe which remains on the side of 
the lobectomy, the resultant overdistention 
will cause a drop in the oxygen uptake in spite 
of an increased ventilation. An overdistended, 
emphysematous lung no longer is an efficient 
respiratory organ. 

The most important physiologic considera- 
tions in the surgical treatment of thoracic can- 
cer are related to disturbances in respiratory 
function Many of the cardiocirculatory com- 
plications that are encountered are initiated 
or aggravated by interference with lung func- 
tion and are not primarily due to heart dis- 
ease, even though some cardiac changes may 
be present. When interference with ventila- 
tive motion and pulmonary circulation are 
kept to a minimum, morbidity and mortality 
are reduced. The same fundamental principles 
apply whether the operation is performed on 
the chest wall, lung, esophagus, or medi- 
astinum. 



also greatly diminishes the to-and-fro motion 
of the mediastinum with respiration. It must 
be recognized, however, that positive intra- 
thoracic and intrabronchial pressure docs 
have some deleterious effect on the circula- 
tion. The minimum amount of positive pres- 
sure necessary for adequate ventilation should 
be the goal. Positive pressure should be em- 
ployed only during those portions of the op- 
erative procedure in which it is really re- 
quired. 

Respiratory acidosis is particularly apt to 
occur with shallow respiration during an intra- 
pleural operation on an emphysematous pa- 
tient, which may cause secondary cardiocircu- 
latory effects during and immediately after 
operation. Ordinarily, the unancsthetizcd pa- 
tient docs not have any carbon dioxide 
retention if the respiratory function is ade- 
quate to maintain normal oxygenation of the 
arterial blood. Carbon dioxide retention with 
resultant acidosis may occur in association 
with the hypoxia of severe emphysema or of 
tracheobronchial obstruction; in such patients 
oxygen therapy, although lessening the hy- 
poxia, may occasionally aggravate the respira- 
tory acidosis because of the depression of 
respiration. 

Some intrathoracic procedures may result 
in the simultaneous opening of both pleural 
cavities. This situation can be adequately man- 
aged. A small opening into the contralateral 
pleural space occurring during esophagectomy 
may occasionally lead to a large and serious 
pneumothorax because air becomes trapped 
in the opposite pleural cavity. The anesthetist 
can satisfactorily control the inflation and 
ventilation of both lungs provided that neither 
lung is compressed by trapped intrapleural 
air. Therefore, the surgeon must ascertain 
that a sucking type of pleural opening is not 
producing a progressively enlarging pneumo- 
thorax on the contralateral side. Immediate 
postoperative roentgen examination should 
be done In any case in which such a condi- 
tion may exist. In the rare situation in which 
simultaneous drainage of both pleural cavities 
is necessary postoperatively, it is mandatory 
that suction drainage be employed, as ordi- 
nary water-seal drainage bilaterally may not 
permit adequate pulmonary function. 


PNEUMONECTOMY 
Pneumonectomy results in displacement of 
the mediastinum toward the side of operation 
with an associated overexpansion of the re- 
maining lung. The anatomic and physiologic 
adjustment is more satisfactory following left 
pneumonectomy. Since the left lung is smaller 
than the right, there is less reduction in the 
vascular bed and also the heart makes a more 
satisfactory anatomic adjustment. For these 
reasons, circulatory and respiratory disability 
is likely to be greater after right pneumonec- 
tomy. The age of the patient and the status of 
the remaining lung, especially in regard to 
emphysema, arc important factors When 
pneumonectomy is performed in childhood, 
the ultimate respiratory function is better than 
when pulmonary resection is done in later 
life. The most important factor in the eventual 
respiratory function is the avoidance of such 
a degree of hyperinflation of the remaining 
lung that it becomes an inefficient ventilative 
organ. Considerable hyperinflation of a 
normal clastic lung may not interfere wi 
pulmonary function, whereas a similar degree 
of overexpansion of a somewhat emphyse- 
matous lung may result in a respira ory 
insufficiency. Therefore, in some cases alter 
pneumonectomy it is mandatory that m 
diastinal displacement be limited in or 
to lessen the overinflation of the remaining 
lung. Marked shift of the mediastinum an 
pneumonectomy can be prevente J 
thoracoplastic collapse of the henii 
from which the lung was removed 
In the older age group undergoing P 
monectomy for cancer, the frequent occ 
rence of emphysema demands a carefu 
sideration of the undesirable features o m 
astinal displacement and hyperinflation i o 
remaining lung. Otherwise, a consi era 
morbidity and mortality from right e 
failure and pulmonary insufficiency may oc 
subsequently in patients who have a f a y ora 
prognosis from the standpoint of them n 
plastic disease. In some cases respira v 
function is so reduced that a more h® 1 c 
operation than pneumonectomy is dictate } 
physiologic considerations. 

In the first few days after pneumonectomy* 
there is usually a slight drop in the artery 
oxygen saturation. Oxygen therapy will cor* 
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ventilate his unaffected lung efficiently. If an 
elevated rest is used, respiratory movements 
may become impeded and the thoracic cage 
constricted to the extent that tamponade of 
the mediastinal structures may result. Par- 
ticular attention must be given to the details 
of position when thoracic surgery is con- 
templated. 

Although the risk involved in opening the. 
pleural cavity has doubtless been exaggerated, 
the control of differential intrapulmonary 
pressure facilitates operation, reduces surgical 
shock, and decreases the incidence and 
severity of postoperative complications (see 
Chap. 14.) 

Ventilation 

It is imperative that the anesthetic regime 
provide an effective means to obviate inade- 
quate ventilation in the presence of impending 
atelectasis One widely used method for such 
provision is the technic that has become 
known as controlled respiration. Introduced 
some fifteen years ago, it is simply the use 
of continuous artificial respiration. Controlled 
respiration is practiced in man by depressing 
the respiratory center, either by increasing 
the anesthetic concentration of the drugs 
being used or by markedly reducing alveolar 
and blood carbon dioxide tensions through 
hyperventilation or a combination of the two, 
until automatic respiratory efforts are sus- 
pended. More recently, with the advent of 
curare and other drugs possessing a muscle- 
paralyzing action, apnea may be secured by 
giving them intravenously until respiratory 
muscles are no longer active. When the state 
of apnea is reached, rhythmic manual pres- 
sure on the breathing bag of the anesthetic 
appliance is carried out. A pressure in the 
range of 10 to 20 cm. H 2 0 is transmitted to 
the lungs at a rate of approximately 30 per 
minute to provide the inspiratory phase of 
respiration. Release of pressure permits a pas- 
sive expiratory phase. If carbon dioxide is 
reduced, a period of apnea often follows pro- 
longed controlled respirations and it is some- 
times difficult for the anesthetist to provide 
immobility of the exposed lung or prevent it 
from bellowing into the wound at each in- 
spiratory phase of the maneuver 
Compensated respiration is another very 
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satisfactory method for preventing respira- 
tory difficulties from altered pressures in the 
open chest. Spontaneous respirations are 
maintained but the inspiratory phase is re- 
inforced or assisted by pressure on the breath- 
ing bag sufficient to avoid a state of pulmonary 
decompensation incident to pleurotomy. 

The technical details are simple but very 
exacting. Pressure is applied rhythmically 
and intermittently with every inspiration of 
the patient. To avoid overventilation, the 
amount of pressure used is considerably less 
than when controlled respiration is in prog- 
ress. Five to 10 cm. H 2 0 is regularly enough 
to satisfy respiratory requirements but in- 
sufficient to cause apnea. Accurate mano- 
metric determination of pressure used may 
be helpful but is not essential, since with little 
experience one learns the amount needed for 
the patient before him. 

There are certain technicalities that must 
be rigidly adhered to if successful compen- 
sated respiration is to be obtained. The re- 
inforcing inflations must be intermittently but 
continuously applied. A very transient period 
of interruption may permit the respirations to 
lose their established rhythm and it then be- 
comes difficult at times to re-establish them. 
The pressure, when applied, should not be 
abrupt but must be a gentle, sliding one, caus- 
ing the inspiratory phase to be somewhat more 
prolonged than the automatic effort would be 
of itself. The expiratory phase remains passive 
by releasing pressure from the breathing bag. 
The technic lends itself well to the con- 
venience of the surgeon in that any degree of 
collapse of the lung may be obtained readily. 

Recently, there have been introduced sev- 
eral mechanical respirators that can be ad- 
justed to the desired volume exchange at a 
given rate and work automatically. 

INTRATRACHEAL TECHNICS 

The primary requirement for positive intra- 
pulmonary pressure is a patent airway that 
will transmit the pressure exerted in the upper 
respiratory tract to the lower. Pressure may be 
obtained with a continuous-flow apparatus 
having an expiratory valve with an adjustable 
spring that is arranged to blow off during 
expiration and remain closed during inspira- 
tion. The most satisfactory technic, however. 
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Anesthesia for the Surgical Treatment of Thoracic 
and Infrathoracic Neoplasms 

Emery A. Rovensf/ne 


Before the present century, the inability of 
anesthetists to avoid the desperate phenomena 
that had from ancient times been associated 
with collapse of the lung retarded progress in 
this field of surgery. Today the surgeon may 
manipulate within the pleural cavity with 
the security that he enjoys in intraperitoneal 
operations. 

HISTORIC DEVELOPMENT 

Previous to 1920 the apparatus and 
methods devised for intrathoracic surgery had 
scarcely more than a single objective, the pre- 
vention of pneumothorax. The earliest at- 
tempts utilized some form of intubation ap- 
paratus to supply air and the anesthetic agent 
directly to the lungs and maintain respira- 
tions artificially. As early as 1869, Trendelen- 
burg had devised a tube surrounded by elastic 
rings, which made possible closed endo- 
tracheal anesthesia * 

There has been a careful comparative evalu- 
ation of the anesthetic methods, associated 
with a better understanding of such physi- 
ologic alterations as heat loss, water balance 
acid-base equilibrium, the effects of slight 
respiratory obstruction, of slight oxygen de- 
privation, or of respiratory depression. 
Rowbotham and Magill, m England, reintro- 
duced the large-bore, soft rubber catheter first 
Used by Trendelenburg. Waters and Guedel 
added the inflatable cuff to insure airtight 
contact between the catheter and trachea. 
Anesthetic appliances were manufactured that 
permitted accurate regulation of intrapul- 

•The references to anesthetic practices pre- 
vattlnff before 1930 may be fount! In Waters R 
M.. E- A. Rovenstine. and A E Guedel Endo- 
tracheal Anesthesia : Its Historical Development 
Ancslh A Anaty JSrI96, 1933, 


monic pressure. New agents allowed adequate 
oxygen concentration with any degree of 
narcosis. 

ANESTHETIC CONSIDERATIONS DURING 
INTRATHORACIC OPERATIONS 

The surgical procedures employed in the 
treatment of thoracic and intrathoracic neo- 
plasms present numerous and diverse an- 
esthetic problems. If the procedure involves 
merely a superficial excision from the thoracic 
wall, satisfactory anesthesia may be simply 
and conveniently accomplished with gas- 
oxygen by any of the accepted technics. 

If the operation involves the entire thoracic 
wall, other technics are required. The location 
of the tumor may demand a lateral approach 
with the patient upon his unaffected side or, 
in certain cases, in the face-down position. 
Maintaining an air-tight face mask in place in 
these awkward positions is difficult. The 
vascularity of the chest wall predisposes to 
considerable blood loss. Hemorrhage, fre- 
quently combined with severe trauma and 
embarrassment to pulmonary ventilation and 
circulation, contributes to circulatory depres- 
sion that often terminates in shock. 

The use of mechanical constricting devices 
to obtain better exposure for the surgeon, 
such as the elevating chest rest, usually em- 
barrasses respiratory movements and may 
cause serious cardiocirculatory derangements- 
The lateral position often used offers the 
greatest possibility for elevated rests, sand- 
bag supports, and such other constricting 
devices to do the most harm. When the 
patient lies on his good side, while the affected 
side is uppermost, he may not be able to 
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ventilate his unaffected lung efficiently. If an 
elevated rest is used, respiratory movements 
may become impeded and the thoracic cage 
constricted to the extent that tamponade of 
the mediastinal structures may result. Par- 
ticular attention must be given to the details 
of position when thoracic surgery is con- 
templated. 

Although the risk involved in opening the 
pleural cavity has doubtless been exaggerated, 
the control of differential intrapulmonary 
pressure facilitates operation, reduces surgical 
shock, and decreases the incidence and 
severity of postoperative complications (see 
Chap. 14.) 

Ventilation 

It is imperative that the anesthetic regime 
provide an effective means to obviate inade- 
quate ventilation in the presence of impending 
atelectasis. One widely used method for such 
provision is the technic that has become 
known as controlled respiration. Introduced 
some fifteen years ago, it is simply the use 
of continuous artificial respiration. Controlled 
respiration is practiced in man by depressing 
the respiratory center, either by increasing 
the anesthetic concentration of the drugs 
being used or by markedly reducing alveolar 
and blood carbon dioxide tensions through 
hyperventilation or a combination of the two, 
until automatic respiratory efforts are sus- 
pended. More recently, with the advent of 
curare and other drugs possessing a muscle- 
paralyzing action, apnea may be secured by 
giving them intravenously until respiratory 
muscles are no longer active. When the state 
of apnea is reached, rhythmic manual pres- 
sure on the breathing bag of the anesthetic 
appliance is carried out. A pressure in the 
range of 10 to 20 cm. H 2 0 is transmitted to 
the lungs at a rate of approximately 30 per 
minute to provide the inspiratory phase of 
respiration. Release of pressure permits a pas- 
sive expiratory phase. If carbon dioxide is 
reduced, a period of apnea often follows pro- 
longed controlled respirations and it is some- 
times difficult for the anesthetist to provide 
immobility of the exposed lung or prevent it 
from bellowing into the wound at each in- 
spiratory phase of the maneuver. 

Compensated respiration is another very 


satisfactory method for preventing respira- 
tory difficulties from altered pressures in the 
open chest. Spontaneous respirations are 
maintained but the inspiratory phase is re- 
inforced or assisted by pressure on the breath- 
ing bag sufficient to avoid a state of pulmonary 
decompensation incident to pleurotomy. 

The technical details are simple but very 
exacting. Pressure is applied rhythmically 
and intermittently with every inspiration of 
the patient. To avoid overventilation, the 
amount of pressure used is considerably less 
than when controlled respiration is in prog- 
ress. Five to 10 cm. H 2 0 is regularly enough 
to satisfy respiratory requirements but in- 
sufficient to cause apnea. Accurate mano- 
metric determination of pressure used may 
be helpful but is not essential, since with little 
experience one learns the amount needed for 
the patient before him. 

There are certain technicalities that must 
be rigidly adhered to if successful compen- 
sated respiration is to be obtained. The re- 
inforcing inflations must be intermittently but 
continuously applied. A very transtent period 
of interruption may permit the respirations to 
lose their established rhythm and it then be- 
comes difficult at times to re-establish them. 
The pressure, when applied, should not be 
abrupt but must be a gentle, sliding one, caus- 
ing the inspiratory phase to be somewhat more 
prolonged than the automatic effort would be 
of itself. The expiratory phase remains passive 
by releasing pressure from the breathing bag. 
The technic lends itself well to the con- 
venience of the surgeon in that any degree of 
collapse of the lung may be obtained readily. 

Recently, there have been introduced sev- 
eral mechanical respirators that can be ad- 
justed to the desired volume exchange at a 
given rate and work automatically. 

INTRATRACHEAL TECHNICS 

The primary requirement for positive intra- 
pulmonary pressure is a patent airway that 
will transmit the pressure exerted in the upper 
respiratory tract to the lower. Pressure may be 
obtained with a continuous-flow apparatus 
having an expiratory valve with an adjustable 
spring that is arranged to blow off during 
expiration and remain closed during inspira- 
tion. The most satisfactory technic, however. 
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employs complete rebreathing of anesthetic 
mixtures with the absorption of exhaled car- 
bon dioxide and the continuous addition of 
oxygen sufficient for metabolic demands. 

The endotracheal method has been uni- 
versally adopted. There arc no substantial ob- 


Infrathoradc Tumors 

with the handle and is intended to be inserted 
to a distance needed to engage the epiglottis 
and raise it forward to obtain a clear view 
(Figure 13-1). The other (Macintosh) has 
a curved blade and is shorter (Figure 13-2). 
With it the tissues arc contacted in front of 



jections to its use and no serious trauma 
follows, except where the technic is improp- 
erly applied. The contention that the difficulty 
of execution prevents its general acceptance 
is an accusation that anesthetists lack the skill 
to master a rather simple exercise. Every 
anesthetist should have the ability to insert 
a catheter in an unconscious patient. 

ARMAMENTARIUM 

The airways and other attachments used at 
present differ m almost every clinic and none 
has met all requirements. With the technics 
later described, most satisfactory results have 
been obtained with airways made from rubber 
or plastic tubing, size 24 to 32 F., soft enough 
to do no harm but with a thin, stable wall 
which is rigid enough to resist kinking and to 
support an inflated cuff. To provide airtight 
contact with the tracheal wall, an inflatable 
cuff is fitted near the tracheal end of the air- 
way. To introduce the endotracheal airway by 
direct vision, a number of laryngoscopes are 
available. There are two popular models, 
differing somewhat in principle, in common 
use. One has a straight blade set at an angle 


the epiglottis and, by tensing these, a clear 
view is also provided. The familiar soda 
canister and breathing bag used with 
carbon dioxide absorption technic an 
modern gas anesthesia appliance complete 
equipment. The different connections, tuce, 
inflatable cuff, etc., are illustrated separate/ 
and assembled in Figure 13-3. . .. 

In surgery of the thorax there is 4° 10 
cation for intubation by the nasal route an > 



Fig 13-2. Laryngoscope with curved blade (M° c 
In tosh). 
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with an inflatable cuff in place on a large 
airway, the oral direct-vision method is not 
only more easily performed but eliminates 
trauma to nasal mucous membranes. 

ENDOBRONCHIAL TECHNICS 
There have been a number of efforts to 
extend the endotracheal technics by inserting 


off one lung. This prevents anything from 
one lung entering the other. The loss of an- 
esthetic gases is avoided. Its use requires well- 
adjusted anesthesia 

An important accessory to the equipment 
for successful anesthesia in thoracic and in- 
trathoracic surgery is an efficient suction ap- 
paratus for the exclusive use of the anesthetist 




Fig 13-3. (Top) Soft-rubber endotracheal tube, inflatable cuff, and 
metal connection! (Bottom) The tame assembled as in use and attached to 
absorber for carbon dioxide. 


the airway deeper into the lung so that its 
open end comes to rest m one of the primary 
ronchi. The need rarely is evident when 
operations are performed for the removal of 
neoplastic tissue from the thorax or its viscera 
When the endobronchial technic is advised, 
t e Carlen catheter (Figure 13-4) is the air- 
way most often selected. This catheter is m- 
ro uced so that its tip enters a bronchus, 
oemg held there by a small rubber piece which 
engages itself at the carina and thereby seals 


Mangement of Secretions During and 
After Anesthesia 

Another hazard during anesthesia for 
thoracic surgery is secretions, which may ob- 
struct the airway and cause inadequate ex- 
change with resulting asphyxia. Secretions aid 
the distribution of foreign material through- 
out the lung and predispose to such complica- 
tions as pneumonitis, atelectasis, etc. Prophy- 
laxis should be emphasized. Much may be 
done preoperatively by postural drainage. 
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This procedure should be carried out in the 
morning, to remove secretions accumulated 
during the night in preparation for operation 
in the early afternoon. The anesthetist's dif- 
ficulties are increased if postural drainage is 
attempted immediately before anesthesia or 
after the prcancsthctic medication is given. 
During anesthesia, postural drainage should 
be continued. It is always advisable to place 


Intrathoradc Tamms 
discredited. There is, of course, general agree- 
ment as to the value of an active cough reflex 
postopcrativcly. To favor its preservation and 
prevent stasis of secretions in the tracheo- 
bronchial tree, sedatives are minimized, 
changes in position utilized, and the coopera- 
tion of Ibe patient enlisted. It may often be 
necessary to augment these measures by 
bronchoscopic aspiration. 




Fia. 13-4. (Top) Th* Csrfw 
(Bottom) Tip of Ihe Corlen cotheter. 


the patient's lower respiratory tract at a level 
above the head. Such a position has the added 
advantage of protecting against cerebral air 
emboli. Some method for bronchial aspira- 
tion must be provided while intrapleural oper- 
ations are in progress. Secretions will need 
to be removed frequently and emergencies 
will often arise, such as the sudden effusion 
of blood or the contents of a bronchitic cavity 
into the trachea, that may cause the patient 
to drown in bis own secretions if aspiration 
is not available. 

Coughing is the patient’s mechanism for 
removing secretions. It has been suggested 
that this natural protection should be main- 
tained during operation. The suggestion is 


Control of Reflex Disturbances During 
Anesthesia . 

The complications of anesthesia 
thoracic surgery, second only to those a 
elated with inadequate ventilation, are 
scribed as reflexogemc, respiratory, or car 
circulatory disturbances. . . 

Disturbances involving the lespttt ‘ 
mechanisms include apnea and breathing 
regular in both rate and amplitude. These 
not considered as more than troublesome 
turbances since they can be eliminated re * 5 y 
ay properly controlled or compensated r £S P' 
rations. * 

The cardiocirculatory disturbances are ^ 
note consequence and their control is oow 
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major concern. The pulse rate may be altered 
frequently when manipulations are in progress 
about hilar structures. Slowing of the rate is 
not uncommon and even cardiac standstill 
has followed stimulation of the vagus nerve 
in the chest. 

Much more common is the reflex alteration 
of the heart rhythm. These arrhythmias may 
be of any nature and of course include those 
of ventricular origin. When such disturbances 
occur, the peripheral circulation suffers, as 
evidenced by blood pressure changes The 
keynote in the management of arrhythmias 
during anesthesia is proper prophylaxis and, 
in the event they occur, early efforts at effec- 
tive therapy. Prophylactic measures include 
the early preparation of the patient, discussed 
elsewhere, and the avoidance of inadequate 
ventilation from mechanical sources such as 
constricting chest rests, position changes, and 
any of the many circumstances that may lead 
to anoxia. 


curare will terminate an attack. 

Hiccough, another muscular contraction — 
that of the diaphragm — may occur when the 
lungs are suddenly inflated. It can occur even 
though the patient is making no automatic 
respiratory movements It is controlled by 
allowing the patient to accumulate carbon di- 
oxide in the respiratory system. 

Cough follows local irritation in the air 
passages. It can be initiated by irritation of 
afferent vagal fibers elsewhere. It is completed 
by closure of the glottis with a closed chest 
wall so that pressure in the airway may be 
increased by the contraction of the muscles 
involved in forced expiration. Cough cannot 
be tolerated during intrathoracic surgery. It 
will not occur if an endotracheal airway is in 
place and the chest open, since then pressure 
cannot be built up in the airway. 

THE CHOICE OF ANESTHETIC AGENTS 
FOR THORACIC SURGERY 


“Bucking” is the commonly used term for 
a particularly disturbing reflexogenic pheno- 
menon seen occasionally during intrathoracic 
surgery It is actually an exaggerated cough- 
ing effort with the glottis held open by an 
endotracheal airway. The bucking movement 
is the result of convulsive spasms of the 
thoracic viscera and the muscles of the upper 
part of the body. This spasm reduces the size 
of the chest cavity and forces a burst of air 
through the glottis. If the glottis were not 
open, it would tend to expel any foreign ma- 
terial from the tracheobronchial tree. The 


primary muscles involved are the rectus ab- 
dominis, serratus anterior, the anterior spinal 
muscles, and, of lesser importance, the other 
muscles of respiration. When bucking occurs, 
1 e bo ?y * s flexed in the lumbar region, the 
abdominal viscera are forced against the di- 
opnragm, the head extends on the neck, and 
e shoulders jerk forward. It is accompanied 
oy marked bronchiolar constriction, prevent- 
ing efforts adequately to inflate the lungs. 
Bucking is less likely to occur if the upper 
respiratory mucosa has been anesthetized by 
e application of a local anesthetic agent 
previous to the placing of an endotracheal 
, , ® er ' 'Vilen it occurs, one needs to supply 
aesthetic agent and oxygen as 
pi y as possible. The intravenous use of 


Nitrous oxide, ethylene, cyclopropane, or 
ether, among the inhalation agents, may be 
employed if given precisely and skillfully and 
if chosen when indicated. 

An ideal agent should provide an easy in- 
duction and even maintenance of narcosis. It 
should have no toxic effects upon tissues dur- 
ing or after its use. Recovery from the action 
of the agent should follow rapidly the dis- 
continuance of its administration. It should 
allow adequate oxygenation even in the pres- 
ence of decreased minute volume respirations. 
It should not increase the secretions nor prove 
irritating to the respiratory passages. Finally, 
it should not greatly increase respiratory effort 
and should lend itself to the convenient ap- 
plication of the chosen technic. The selection 
of the agent most nearly to fulfill these re- 
quirements will not depend entirely upon the 
pharmacologic action of the drug The technic 
of administration, the surgical procedure, and, 
more particularly, the condition of the patient 
will influence its choice. 

Ether may be irritating to respiratory mem- 
branes, stimulate respiration, and increase se- 
cretions. Recovery is often unpleasant and 
slow, and the aftereffects undesirable. Its use 
for thoracic operations should be confined to 
the addition of amounts to an anesthetic mix- 
ture composed chiefly of the less potent gases. 
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to permit increased oxygen tensions. 

Nitrons oxide possesses the qualifications 
for an idea! agent with the exception of po- 
tency. When using nitrous oxide with the 
whole or part of one lung out of action, and 
if preanesthetic sedation is minimized so as 
not greatly to impair reflexes, it often is im- 
possible to supply a percentage of oxygen 
necessary to prevent anoxemia and still have 
a sufficient saturation in the blood to main- 
tain surgical anesthesia. 

Ethylene is considered a more potent agent 
than nitrous oxide and surgical anesthesia may 
be obtained with a higher oxygen dilution. 
However, with ethylene the same complica- 
tion, namely, oxygen deprivation, is often en- 
countered. Neither of these gases reduces re- 
flex irritability sufficiently to permit easy 
trachea! catheterization. 

Cyclopropane is a gaseous agent permitting 
any degree of narcosis with low concentra- 
tions. Regularly, more than 50 per cent of the 
anesthetic mixture is oxygen. The gas docs 
not stimulate respiration. It provides induction 
and recovery that are more pleasant and as 
rapid as with other gaseous agents. It has little 
effect upon either diseased or normal respira- 
tory tissues. Stimulation of secretions is 
minimal. Owing to the potency of cyclopro- 
pane, placing an endotracheal catheter is 
simplified. Controlled or compensated respira- 
tions may be maintained with this agent more 
conveniently than with any other. Cyclopro- 
pane, like ether and ethylene, is explosive and 
may not be used with safety if cautery is 
employed by the surgeon. The danger of ex- 
plosions has caused many surgical clinics to 
avoid its use. A more general criticism of 
cyclopropane is directed toward the somewhat 
higher incidence of circulatory disturbances 
that may be noted when it is used in com- 
parison, for example, with ether, intravenous 
barbiturates, or the less potent gases. In the 
experimental animal, increased cardiac ir- 
ritability from cyclopropane has been demon- 
strated. Studies with human subjects have not 
disproved these laboratory conclusions. This 
criticism is more logical, particularly when 
manipulations are progressing that involve 
thoracic viscera. Avoidance of cyclopropane, 
however, does not eliminate such untoward 
reflex effects. The solution is probably in view 
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with the efforts m their prevention and prompt 
treatment with other drugs. Increased bleed- 
ing during cyclopropane anesthesia has been 
suggested from clinical observation, although 
conclusive evidence is lacking. Coagulation 
and bleeding times are decreased. The greatest 
disadvantage with cyclopropane is the diffi- 
culty surrounding its safe administration. The 
technic is exacting and a serious overdose is 
easily given. Although cyclopropane undoubt- 
edly possesses advantages for some patients 
during thoracic surgery, these do not indicate 
its use by the anesthetist who regularly em- 
ploys other agents and only chooses cyclopro- 
pane for an occasional thoracic case he may 
anesthetize. 

With the advent of the more potent bar- 
bituric acid derivatives, permitting intravenous 
administration to secure the rapid onset of 
unconsciousness, these drugs have become in- 
creasingly popular for the induction of an- 
esthesia and as an adjunct to its maintenance. 
The experiences of anesthetists during war- 
time added materially to the popularity. 

Pentothal sodium is presently the most pop- 
ular of the intravenous drugs available. When 
given in concentrations of 2 to 3 per cent, 
the patient is practically assured of a pleasant, 
rapid loss of consciousness, and the anes- 
thetist, rarely confronted with an excitement 
stage, is free to carry out his various activities. 
If the drug is continued by intravenous drip 
of more dilute solutions (0.1 to 0 3 per cent), 
unconsciousness is easily maintained. Pento- 
thal is desirable not only for rapid induction 
but for the pleasant rapid recovery that usu- 
ally follows and the minimal incidence o 
postanesthetic nausea. The drug, however, 
should not be considered as a true anestbe ic 
agent in the sense that ether or cyclopropane 
is, and its use as a total anesthetic agent is 
neither necessary nor advisable during ' 
racic surgery. Its analgesic properties are no 
proportional to its depressant effect, particu 
larly on respiration, and another anesthetic 
drug should complement it. Nitrous oxide i* 
less toxic than the more potent inhalant* 
agents but its use invites anoxemia. Cyclop 1 ^ 
pane or ether is more desirable and may 
required in small amounts only. With them, 
any amount of oxygen, dilution is avails^*- 
Pentothal sodium has been found to have a 
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parasympathomimetic effect and for this 
reason may sensitize the mechanisms of 
laryngospasm, bronchospasm, and coughing. 
This is of considerable importance when tho- 
racic surgery is contemplated. However, when 
doses are smali and not given rapidly, serious 
trouble from these reflexes is rare. A more 
considered disadvantage of Pentothal is that of 
its elimination. The drug is not rapidly de- 
stroyed or eliminated from tissues, but is 
stored readily in most tissues, particularly the 
fats. The rate of elimination is some 15 per 
cent per hour. The total dose of the drug 
given for any one operative procedure is, 
therefore, of most importance. To prevent 
accumulation and prolonged postancsthetic 
depression, doses of 2.0 Gm. should rarely, 
if ever, be exceeded. 

When an explosive mixture must be 
avoided, an intravenous barbiturate for in- 
duction followed by nitrous oxide and oxygen 
is the procedure of choice. In many clinics 
this represents the procedure utilized for the 
greater part of alt inhalation anesthesias. 

When drugs such as Pentothal are used for 
induction, 2 or 3 cc. doses of 2.5 per cent 
are given every half to one minute until the 
patient is asleep. The induction is rapid and 
p’easant. When it is to be administered 
throughout the operation, a weaker solution is 
employed. During long surgical procedures it 
has been common practice to complement 
thiopental nitrous oxide oxygen anesthesia 
with Meperidine (10 to 15 mg.) or an opiate 
intravenously, to avoid giving large amounts 
of the barbiturate. 

Curare and similar drugs that produce 
muscle relaxation have a limited value during 
thoracic surgery. They have no anesthetic 
, e icct, but a small dose sufficient to facilitate 

< cn dotracheal intubation is often used im- 
mediately after the patient is unconscious and 

; at the lime the airway is to be placed. Muscles 
of the face and neck will not then impede 
( thc usc °f the laryngoscope. 

5 maintenance of anesthesia 

Anesthesia for thoracic and intrathoracic 
surgery may best be maintained by the carbon 

< “'° xidc absorption technic. It is dosimetric 
‘ n P crn,lts constant control of the anesthetic 
J on centration. A warm, moist atmosphere is 
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in contact with the lung at all times. Carbon 
dioxide and oxygen exchange are directly con- 
trolled by the anesthetist and the dangers of 
anoxia or acarbia arc diminished. The normal 
respiratory tract is enlarged by placing over 
the mouth and nose an airtight face mask, 
supplying an absorbing unit containing an 
alkali, and adding a rebreathing bag. The in- 
tratracheal airway made airtight within the 
trachea by an inflated cuff may replace the 
face mask. Within this enlarged respira- 
tory system, without an exhaling valve, an 
anesthetic concentration that produces the re- 
quired degree of narcosis is continually re- 
breathed. With anesthetic equilibrium estab- 
lished, oxygen only is added and that at a 
measured rate of flow just sufficient to supply 
the metabolic requirements of the patient. Ad- 
justments during the operation may be neces- 
sary and more of the anesthetized agent or 
oxygen may be added as needed The chemical 
reaction between the alkali and carbon dioxide 
exhaled will generate heat and maintain a 
warmed respired atmosphere. The water vapor 
in the patient’s exhalations will be retained in 
the system and completely humidify the an- 
esthetic mixture. No obnoxious or toxic gases 
or vapors will contaminate the operating 
room. The carbon dioxide content of the in- 
spired atmosphere will be reduced to that 
normally respired in air, since all the exhaled 
gases are depleted of carbon dioxide in the 
absorber. It is well to remember that, with 
an airway in the trachea attached directly to 
a carbon dioxide absorption unit, the dead 
space for accumulating carbon dioxide, which 
is usually represented by the upper air pas- 
sages and the anesthetic face mask, is reduced. 
A large-bore connection between the tracheal 
catheter and the absorber may be needed to 
supply additional dead space The length of 
the endotracheal catheter should be as short 
as possible because the resistance to respira- 
tions is proportional to the length of the tube. 
This technic offers a means of directly con- 
trolling respirations. Breathing may be stimu- 
lated by shunting the respirations around or 
by removing the absorber from the system, 
thus allowing carbon dioxide to accumulate. 
Decreased respiratory movements amounting 
to apnea may also be obtained. Such decrease 
of respirations is accomplished by increasing 


278 

the anesthetic tension in the system and then 
by manual compression of the breathing bag, 
synchronous with inspiration, increasing the 
volume interchange of respired gases through 
the absorber. 

The control of intrapulmonary pressure 
while employing the carbon dioxide absorp- 
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tion technic is readily maintained by partially 
distending the rebreathing bag and manipu- 
lating it by manual pressure. The pressure 
may be gauged with manometer or, more 
conveniently, by observation of the exposed 
lung. 
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Many aspects of preoperative and postop- 
erative care in the surgical treatment of neo- 
plasms of the chest are similar to those of 
other surgical conditions elsewhere. In addi- 
tion, surgical intervention in this location 
poses many specific problems. This discussion 
will be concerned specifically with the prob- 
lems related to the thorax. 


PREOPERATIVE CARE 
The Operative Risk 

The preoperative management of patients 
with neoplasms of the chest consists of two 
phases The first involves separation of those 
patients who are unable to withstand the 
necessary surgical procedure. The second 
phase involves bringing those patients suitable 
or operation into the best possible condition 
in the time allowable before the operation. 

There are but two pathologic conditions, 
aside from extent of the tumor, which would 
contraindicate removal of a malignant neo- 
P a sm. first, diseases so severe as to give a 
prognosis of death earlier than the inevitable 
ata ity from the untreated cancer, secondly, 
pathologic states so incapacitating that the 
extensive surgical operation necessary for 
e, r removal would have a fatal result. Ex- 
nip es of such conditions are: congestive 
eart ailure that does not respond to treat- 
J nt ant * extensive bilateral active pulmonary 
rubercul° sls or pulmonary insufficiency of 
reef <f£ rec tliat the patient is dyspneic at 
severe hypertension, marked arteri- 


osclerosis, auricular fibrillation, or a history 
of one or more episodes of coronary occlu- 
sion, mild degrees of emphysema and quies- 
cent pulmonary tuberculosis, while increas- 
ing the risk, do not contraindicate surgical 
removal of apparently operable intrathoracic 
malignant neoplasms. In dealing with benign 
neoplasms of the thorax that arc not produc- 
ing symptoms and do not constitute a threat 
to life, the contraindications arc, of course, 
more numerous, because one is not justified 
in taking the same risks to remove benign 
growths as when one is dealing with malig- 
nant tumors. Thus, serious operative risks 
may be justifiably assumed when the patient 
has an apparently operable malignant neo- 
plasm With proper preoperative management 
patients with rather severe concomitant dis- 
eases may withstand the hazards of operative 
intervention. 

A final point should be emphasized The 
decision as to whether or not a particular 
patient constitutes a justifiable operative risk 
must always rest with the surgeon and not 
with the medical consultant or the family 
physician The surgeon is always as well or 
better qualified to make this judgment because 
of his greater experience in observing patients 
before and after operations. 

Preparation of the Patient for Operation 

It is rarely necessary to postpone operation 
more than a week or ten days in order to 
improve a patient's condition [4J. Abnormali- 
ties of function should be detected and, if 
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the anesthetic tension in the system and then 
by manual compression of the breathing bag, 
synchronous with inspiration, increasing the 
volume interchange of respired gases through 
the absorber. 

The control of intrapulmonary pressure 
while employing the carbon dioxide absorp- 


tion technic is readily maintained by partially 
distending the rebreathing bag and manipu- 
lating it by manual pressure. The pressure 
may be gauged with manometer or, more 
conveniently, by observation of the exposed 
lung. 
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been necessary preoperatively. Some of these 
patients manifest some difficulty in urination 
on the first day or two after operation. These 
respond well to catheter drainage; surprisingly 
few have required transurethral resection. 

NUTRITION 

Most patients with malignant thoracic neo- 
plasms have lost weight. With cancer of cither 
the lung or the esophagus, no time should be 
wasted in attempts to have the patient gain 
weight before operation. An adequate caloric 
intake should be supplied to these patients 
while they are being prepared for operation 
(Vol. I. Chap 9). 

BLOOD VOLUME 

Anemia should be corrected preoperatively 
by blood transfusion. Because operation 
necessarily disturbs the normal processes of 
ventilation, it is particularly important not to 
add to this disturbance a deficiency in the 
mass of the hemoglobin that is essential to 
the oxygen transport. Although anemia, as 
6hown by the concentrations of hemoglobin 
or of the erythrocytes, is not common in these 
patients, a reduced blood volume and hence 
a reduced mass of circulating hemoglobin is 
the usual finding in patients with esophageal 
cancer, especially those who have lost weight 
flj In an average-sized adult male who has 
lost thirty to forty pounds there will usually be 
a blood volume deficiency of 1,000 to 1,500 
mk, which must be corrected preoperatively 
by transfusion In general, the blood volume 
deficiency will parallel the weight loss. A blood 
volume determination is the only accurate 
measure, A diminished blood volume should 
be suspected when a transfusion fails to raise 
the hemoglobin of a patient who is not blced- 
mg 

PSYCHOLOGIC PREPARATION FOR 
OPERATION 

The patient’^ fear and anxiety can be greatly 
alleviated preoperatively if the surgeon will 
explain a few facts. The nature of the prob- 
em and the treatment necessary should be 
described m general terms. The possible 
Javorable prognosis should be mentioned. The 
patient should be told that it will be necessary 
or tm to remain in the hospital only ten or 


twelve days after the operation and that he 
may get out of bed the day following oper- 
ation. 

The day before the operation, it is ad- 
visable to tell the patient that when he awakens 
from the anesthetic he will be in an oxygen 
tent until the following day or longer, and 
that this is routine procedure. He should be 
told that it is important for him to cough 
effectively after operation and that his oper- 
ative wound will be painful during this active 
coughing. It is wise to ask him to cough a 
few times during this session He should be 
instructed to dorsiflex and extend his feet 
and toes while in bed postoperativcly, in order 
to increase the blood circulation m his calf 
muscles. Simple explanations of this sort be- 
fore the operation are not time-consuming and 
arc valuable in obtaining co-operation and 
achieving a smooth convalescence. 

POSTOPERATIVE CARE 

The postoperative care starts in the operat- 
ing room at the conclusion of the operation. 
In the following discussion it is assumed that 
the operative care has been adequate, that 
an intratracheal tube has been employed, that 
the airway has been kept free of secretions, 
and that the blood lost during the course of 
the operation has been accurately replaced as 
it was lost (10]. It is further assumed that 
ventilation during the operation has been ade- 
quate so that respiratory acidosis has not oc- 
curred [91, and that an excessive amount of 
the anesthetic agent has not been adminis- 
tered. 

THE DRESSING 

The most comfortable dressing for thoracic 
wounds consists of a single layer of very fine 
mesh gauze bandage laid directly over the 
skin incision. This in turn is covered by a 
quantity of fluffed gauze, held in place by 
strips of elastic adhesive plaster extending 
three inches beyond the mid-line posteriorly 
and anteriorly, applied with only slight tension. 
The ends of the strips of elastic adhesive 
should be kept from curling by covering 
them with vertical strips of ordinary adhesive 
plaster. If this dressing has been properly 
applied it need not be removed until the skin 
stitches are removed on the seventh or eighth 
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possible, corrected. Obviously, patients with 
neoplasms of different intrathoracic organs 
wdl present problems peculiar to those lesions. 
This phase of preoperative care can best be 
considered under the various systems (for 
detailed discussion of this subject, see Vol. I, 
Chap. 10). 

CARDIAC FUNCTION 

The most valuable aid in the detection of 
impaired cardiorespiratory function is the his- 
tory, or the demonstration, of the patient’s 
capacity for effort. The ability to climb stairs 
at a normal rate without becoming short of 
breath is of more significance with regard to 
the functional capacity of the cardiorespira- 
tory system than multiple laboratory tests. 
Past episodes of cardiac decompensation, 
cardiac arrhythmia, or episodes of coronary 
occlusion must be evaluated. A preoperativc 
electrocardiogram is not necessarily a routine 
procedure in young people. On the other 
hand, even with no suggestion of heart dis- 
ease a preoperative electrocardiogram is valu- 
able in older patients for comparison with one 
made postoperatively. Preoperative postero- 
antenor and lateral roentgenograms of the 
chest should be made routinely. These x-ray 
films should be recent (within a week) in 
order to avoid missing a recent intrathoracic 
change. Comparison of the size and position 
of the heart preoperatively and postoperatively 
is helpful. 

If the patient is decompensated, he is 
digitalized but there is no indication for pro- 
phylactic preoperative digitalization. Rapid 
digitalization of patients is now possible if it 
should become necessary in the postoperative 
period. Quinidine sulfate has occasionally 
been used preoperatively in elderly patients in 
the hope of avoiding auricular fibrillation dur- 
ing the postoperative period. 

PULMONARY FUNCTION 

In the majority of cases a clinical observa- 
tion of the patient’s capacity for effort is a 
satisfactory means of evaluating the respira- 
tory reserve of patients with intrathoracic 
neoplasms. Only in those patients with a bor- 
der-line respiratory reserve are pulmonary 
function studies routinely used. Some pa- 
tients whose function is decreased by some 
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component of bronchospasm show marked 
improvement with the use of intermittent posi- 
tive pressure breathing combined with a 
bronchodilator. For maximum benefit this 
treatment should be continued for from seven 
to ten days. This makes it possible to operate 
on otherwise inoperable cases. In these pa- 
tients this treatment should be continued in 
the early postoperative period. 

The determination of the vital capacity is a 
simple test. The maximum breathing capacity 
is slightly more difficult to determine with ac- 
curacy. Both the vital capacity and the maxi- 
mum breathing capacity require the co-opera- 
tion of the patient and so are not completely 
objective tests of pulmonary function. Pulmo- 
nary function studies of a more elaborate 
kind are still in the process of being evaluated 

with regard to their prognostic significance. At 

present they arc important research tools, but 
for practical purposes are less valuable than 
determinations of the patient’s capacity for 
effort without dyspnea. The results of func- 
tional studies must be considered In .the light o 
the patient’s primary disease. Impaired pulmo- 
nary function may be the result of destruction 
by the tumor of functioning pulmonary pare ' 
chyma, or the blocking of a large to°nc 
by the tumor. If an entire lung » 
rendered functionless, little or no fur 
impairment of pulmonary function wi res 
from the surgical removal of the involve s' 
When a pulmonary neoplasm obstruc s 
bronchus, the patient may be febrile c 
of retained secretions and infection dis a ^ 
the tumor. It is good practice in such case ^ 
administer antibiotics prior to operatio 
fever persists, operation should not e r 
poned, as only the removal of the a 
lobe or lung will eliminate its cause 

RENAL FUNCTION AND THE 
URINARY TRACT 

Cancer of the lung is nine times as ® rc< jj^ er 
in men as in women, and occurs^ in the 
age groups. In this group, benign P ros ^ 
hypertrophy is more common. Eviden^ . 
hypertrophy or a history suggestive of obs 
tion should be evaluated. If the patient |S ^ 
retaining nitrogenous products, operation n 
not be deferred. If there is retention, c2tJ,c jy 
drainage can usually correct it. This has rar ; 
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lease the patient with a slightly negative pres- 
sure. A more common disturbance of the 
intrapleural air pressure on the side from 
which the lung was removed is a high nega- 
tive pressure resulting from the passage of 
air from the pleural cavity through the oper- 
ative wound, or through the opened parietal 
mediastinal pleura, into the subcutaneous tis- 
sues, where it is trapped and does not re-enter 
the pleural cavity. This passage of air occurs 
during the momentary increase in intrapleural 
pressure with the act of coughing. The high 
negative pressure produces overdistention of 
the remaining lung and may cause severe 
djspnea The condition is accurately diag- 
nosed by measuring the pressure with a water 
manometer, and easily relieved by permitting 
atmospheric air to enter the pleural cavity 
through the needle until only a slight nega- 
tive pressure is present. 

MANAGEMENT OF SUBCUTANEOUS 

emphysema 

E\en though the thoracic wound is airtight, 
subcutaneous emphysema may result from 
passage of air into the neck along anatomic 
planes, particularly following a radical pneu- 
monectomy with extensive dissection of the 
lymph nodes along the trachea. In such radi- 
cal pneumonectomies, it is almost impossible 
to obtain an airtight closure of the mediastinal 
parietal pleura. Subcutaneous emphysema 
from this source as well as from the operative 
wound usually reaches its peak during the 
first twelve to thirty-six hours, and thereafter 
B gradually reabsorbed. This subcutane- 
ous emphysema, while producing mild dis- 
comfort, needs no particular treatment and is 
rarely marked. If it becomes so extensive that 
e patient cannot see because of swollen 
eyelids, symptomatic relief can be provided 
quickly by a small skin incision in the lower 
neck or chest. The air can then be gently 
groked out of the subcutaneous tissues of the 
ace to ward the small incision, where it 
escapes. 

In instances of marked emphysema, it is 
important to find and correct the cause. Em* 
P >sema is indicative of a continuous air leak 
mto the pleural cavity'. After a pneumonec- 
umy, such an air leak can occur from the 
ronchial stump only, an extremely rare oc- 


currence in the early postoperative days. Fol- 
lowing a lobectomy, the air leak may occur 
either from the bronchial stump or from the 
raw surface of the remaining lobe or lobes. 
Finally, if no pulmonary tissue is resected, a 
continuous air leak can only come from an 
accidental tear made m the lung on the side 
operated upon. Such inadvertent injuries to 
the lung may occur when there are extensive 
intrapleural adhesions. This complication re- 
quires immediate and continuous aspiration 
of the air. In an emergency this is accom- 
plished by leaving the aspirating needle in 
place anteriorly, supporting it by a cork, and 
attaching the needle to a tube with the end of 
the tube under water. The air will then bub- 
ble out through the water and avoid the de- 
velopment of either a tension pneumothorax 
or further increase in the subcutaneous em- 
physema. As soon as practical, the needle 
should be replaced by a closed intercostal tube 
drainage connected with a source of constant 
negative pressure of 8 cm. w ater Further care 
of this complication of a bronchopleural 
fistula will be considered under the heading 
of Complications 

CONTROL OF POSTOPERATIVE PAIN 

The amount of postoperative pain varies 
greatly. Johnson has recommended dividing 
several intercostal nerves above and below 
the incision [7J We have not adopted this 
practice generally because it tends to increase 
the area of altered sensation in the skm 
around the anterior end of the incision. With 
an anterolateral intercostal incision, it is good 
practice to use absorbable material for the 
pencostal sutures above and below the incised 
interspace. Similarly, with sternum-splitting 
incisions, sutures encircling the sternum to 
hold the two halves together should preferably 
be of the absorbable type. The use of silk or 
cotton in these two situations apparently re- 
sults in greater and more prolonged post- 
operative discomfort than when catgut is used. 

Morphine or Demerol should be given in 
amounts sufficient to alleviate the pain of 
coughing. A comfortable patient will cough 
more effectively. Thirty to forty-five minutes 
after every dose of morphine the patient 
should be made to sit up and cough. For the 
average-sized adult, 10 or 15 mg. of morphine 
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postoperative day. The advantage of the elastic 
adhesive plaster over the ordinary variety is 
that with coughing, breathing, and other move- 
ments that involve the thorax the elastic ad- 
hesive yields slightly yet maintains its original 
position. 

ANTIBIOTICS 

We have abandoned the routine use of 
prophylactic antibiotic therapy. If the patient 
is febrile prcoperativcly, antibiotic drugs 
should be employed before operation. In the 
postoperative period antibiotics arc used only 
after the demonstration of frank pus or con- 
tamination during operation. The specific 
antibiotics used depend upon sensitivity 
studies. 

DRAINAGE OF THE PLEURAL CAVITY 

Following lobectomy, a catheter is inserted 
in a stab wound to drain the most dependent 
portion of the remaining pleural space. For 
the lower lobes, this is usually a low interspace 
in the axilla. Occasionally an additional 
catheter is inserted anteriorly and superiorly 
to take care of any leak of air. These are 
joined together by a Y-tube, and then con- 
nected with the same drainage system. Any 
type of catheter or drainage tube may be em- 
ployed. A large-bore latex rubber tube with 
several side openings near the open end of 
the tube that lies in the pleural cavity has 
proved satisfactory. 

The drainage tube system should provide 
for the escape of fluid and air and prevent 
their accumulation in the pleural space. The 
latter requirement is the essential difference 
between drainage of the pleural cavity and 
drainage of other parts of the body. The 
simplest drainage system consists in placing 
the end of the rubber tube connected with the 
catheter just under the surface of water in 
an open bottle or jar, which is placed below 
the level of the patient’s thorax. Fluid and 
air can escape into the water, but air cannot 
enter the chest. With the negative pressure of 
inspiration, fluid will merely rise up in the 
tube. The objection to such a simple system 
is that the fluid that is drained from the chest 
is mixed with the water. Therefore, every 
drainage system should have a trap bottle in- 
serted In the line to collect the fluid draining 


from the chest. If a large air leak is present, 
it may be necessary to add a constant source 
of negative pressure. The negative pressure 
is kept below 8 or 1 0 cm. of water by a simple 
water valve. The character and the quantity 
of the fluid drained from the pleural cavity 
should be noted and recorded every 24 hours 
When proper tube drainage is employed, 
subcutaneous emphysema rarely occurs be- 
cause no positive pressure develops dunng 
coughing when air can escape through the 
tube. 


CONTROL OF INTRAPLEURAL PRESSURE 

Drainage of the pleural cavity is unneces- 
sary after many intrathoracic operations (eg, 
pneumonectomy). In these cases, following 
an airtight closure of the chest, the patient 
is placed in the supine position on the operat- 
ing table and a needle is inserted in the secon 
or third interspace in the mid-clavicular unt 
anteriorly. The needle is connected with » 
water manometer and the pressure adjm 
until it fluctuates with respiration at sligntiy 
negative values, 0 to —8 cm. of water, 
great a negative pressure will tend to increa 
the serosanguineous effusion that always 
curs in the pleural cavity from whic 
lung is removed. On the other hand, a P 0S1 
pressure will produce a shift of the m 
astinum to the opposite side with resu 
impairment of the function of the remai 

During the first two or three postopH , l'’‘ 
days, marked changes may occur in 
pressure within the pleural cavity from w 
the lung has been removed. If, f° r exa j* 
a considerable effusion of serosangum 
fluid occurs in the pleural cavity an 1 
thoracic wound is airtight, the remainini e 
will be compressed, the mediastinum wi 
to the opposite side, and there may b e 0ia ^ 
dyspnea. The condition can easily be re - 
nized by inserting a needle in the upper ^ 
tenor chest. A positive pressure a ^ 
juncture can be treated by further resnova 
air, but is perhaps best dealt with by insC f _]y 
a needle in the eighth interspace P osfer ! ^ 
in the scapular line, withdrawing as muc ^ 
the serosanguineous fluid as can be obtain^ 
and at the same time replacing the fluid ^ 
a somewhat smaller volume of air so as 
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tree. The procedure is simple. A catheter of a 
stze that can be passed easily through the 
nostril is passed back to the pharynx. The pa- 
tient is asked to protrude his tongue, which 
is grasped with gauze with one hand. Then 
while the patient makes a deep inspiration, 
the catheter is rapidly advanced into the 
trachea with the other hand. That the tip of 
the catheter is in the trachea can easily be 
ascertained by noting the passage of air out 
of the catheter on expiration. Intermittent 
suction is then applied to the catheter while 
it is gently turned and moved up and down 
in the trachea. If the secretions are particu- 
larly viscid, one or two milliliters of sterile 
ph)siologic saline may be cautiously intro- 
duced, followed by renewed aspiration. When 
no more secretions can be obtained, the 
catheter is withdrawn. The tracheobronchial 
tree is cleared of secretions not only by the 
aspiration but also by the coughing stimu- 
lated by the procedure. Aspiration should be 
done whenever coarse rales arc present that 
cannot be cleared by the patient’s coughing. 
Again, when the patient is febrile from no 
obvious cause, and when the cough is not 
productive, nasotracheal aspiration will often 
result in the removal of thick secretions, fol- 
lowed by decline in the fever. All members of 
the resident staff should be skilled in the 
technic of nasotracheal aspirations 
The routine use of nasotracheal catheter 
aspiration has reduced the need for broncho- 
scopsc aspiration. Only in rare instances is it 
necessary to perform a tracheotomy in order 
to have easy access to the trachea. However, 
if a patient is unable to keep himself clear of 
secretions by coughing, and when there is 
difficulty m passing a catheter through the 
nose into the trachea, there should be no 
esitation in performing a tracheotomy. 

administration OF BLOOD AND 
plasma 

Slood lost during the operation should be 
measured and quantitatively replaced. There 
is a further loss postoperatively from injured 
tissue into the pleural space, where fluid ac- 
cumulates or is drained externally. Generally, 
t c serosanguineous fluid has a hematocrit of 
etween 5 and 20 per cent cells, indicating a 
<arger loss of plasma than of whole blood. 


The greatest loss of this serosanguineous fluid 
occurs in the first twelve hours, with diminish- 
ing amounts lost thereafter. A significant in- 
crease in the hematocrit of arterial blood on 
the morning following a major intrathoracic 
operation has been noted unless plasma or a 
plasma substitute was given following opera- 
tion. Because of the expense and the danger 
of scrum hepatitis, we prefer to use a plasma 
substitute rather than human plasma. A unit 
of this is regularly given slowly through the 
night of operation. A hematocrit determina- 
tion is routinely performed the morning after 
operation. If this is high, more plasma sub- 
stitute is indicated; if it is low. more blood is 
needed It is especially important to avoid 
administration of excessive amounts of blood 
or plasma in patients with impaired cardiac 
function. 

POSTOPERATIVE ROENTGENOGRAM 
A posteroantenor roentgenogram of the 
chest in the erect position should be obtained 
routinely on the first postoperative day. This 
can be done at the bedside, without disturbing 
the patient, by using a portable x-ray machine. 
The position of the mediastinal structures and 
the condition of the pulmonary parenchyma 
can be seen on such a film. After a lobec- 
tomy, the degree of expansion of the remain- 
ing lobe or lobes is apparent. After operations 
in which closed tube drainage is not em- 
ployed, the film is helpful in indicating the 
extent of the pleural effusion. The film will 
indicate the position of the Levin tube in 
esophagectomies and esophagogastrcctomies. 
It will show the position of the stomach in 
the chest and whether or not it is distended 
with fluid or air Subsequent x-rays may be 
required. 

THE POSTOPERATIVE REGULATION OF 
WATER AND ELECTROLYTES 

See also Volume I, Chapter 9. 

We have shown that following major intra- 
thoracic operations, the urinary excretion of 
sodium remains low for the first five post- 
operative days; excretion of potassium during 
the same period continues at its preoperative 
level [1] The urinary excretion of chloride 
in general parallels the change in the sodium. 
It appears, therefore, that the administration 
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may be given every fourth hour when neces- 
sary during the first twenty-four or forty-eight 
hours. Patients rarely require narcotics for 
chest pain beyond forty-eight hours. 

POSTOPERATIVE ADMINISTRATION OF 
OXYGEN 

During the transportation of the patient 
from the operating room to the bed, it is well 
to administer oxygen by means of a face 
mash and a simple demand valve. In the 
patient’s room we prefer the use of an 
oxygen tent, despite the fact that it is difficult 
to obtain high concentrations of oxygen, for 
patients arc more comfortable without the 
presence of a nasal catheter. Furthermore, 
during the summer heat, the cool atmosphere 
in the oxygen tent adds considerably to the 
comfort of the patient. Increasing the hu- 
midity in oxygen tents from the usual level 
of 30 to 40 per cent up to 80 or 90 per cent 
seems to ease coughing up tracheobronchial 
secretions. 

The oxygen tent is used continuously for 
the first twelve hours or so and thereafter 
intermittently. There is no set time that oxy- 
gen should be employed postoperatively. If 
there is no increase in the pulse or respiratory 
rate and no cyanosis without oxygen, it may 
be safely discontinued. Studies of the oxygen 
saturation of the arterial blood during opera- 
tion and two hours postoperatively when the 
patient is m bed in an oxygen tent have shown 
a decrease in the saturation from a high nor- 
mal level to an average of 89 per cent. With- 
out the use of oxygen, the arterial saturation 
would probably have been even lower. Cyano- 
sis should not be regarded simply as an in- 
dication for higher concentrations of oxygen. 

It indicates some disturbance in the intra- 
thoracic pressure relationships, or, even more 
frequently, some obstruction in the tracheo- 
bronchial tree by secretions, mucus, blood, or 
pus. 

POSITION IN BED AND MUSCLE 
FUNCTION 

Postoperatively, the patient is placed in bed 
in the supine position with the bed level while 
the blood pressure and pulse rate are taken 
and breath sounds noted. After the patient 
recovers from his anesthesia, the head of the 
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bed is gradually elevated until the patient is 
in a sc mi recumbent position. In this position 
he is able to breathe with less effort because 
the weight of the abdominal contents does not 
press upon the diaphragm. It is also the po- 
sition in which cough is most effective. The 
patient is required and encouraged to flex and 
extend his ankles and toes. There should be 
no fixed practice about position, but the pa- 
tient should be allowed to assume the position 
which is most comfortable. He is also en- 
couraged to move as much as possible in 
bed. The semirccumbent position should be 
varied by making the bed level at intervals, 
if this does not make the patient dyspneic. 
When the bed is level, he should lie first on 
one side and then on the other. 

Early ambulation is beneficial and the pa- 
tient should get out of bed on the first or 
second postoperative day. This results in 3 
smoother and more rapid convalescence even 
though it is difficult to demonstrate statisti- 
cally that it decreases the incidence of com- 
plications such as phlebitis or thrombosis 
There should be no rigid rule concerning the 
time at which a patient should be forced to 
get out of bed. The presence of drainage 
tubes, a stomach tube, or intravenous fit" s 
should not interfere with the patient’s g ett,n ? 
out of bed. Tubes can be temporarily claropc 
and disconnected, or the bottles to which they 
are attached can be moved with the p3tm° 
Emphasis should also be placed oa m°' e 
ment of the shoulder girdle on the op erate 
side. Beginning a day or two after operation, 
the patient is encouraged to move the arm a 
the operated side, particularly to elevate 
arm. By the time the patient leaves the os 
pital, on about the tenth postoperative a /> 
he should be able to extend the arm at u 
length above the head. If this relatively 
detail of postoperative care is neglected, 
patient is apt to hug his elbow to the opera ^ 
side, which will soon result in a stiff shou <•; 
especially in elderly people. Many P a,n ^ 
months will then be spent trying to regain w 
use of the shoulder joint. 

USE OF NASOTRACHEAL ASPIRATION 
Nasotracheal aspiration is indicated when 
ever the patient’s cough proves ineffective* 
clearing secretions from the tracheobroncW 
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Left heart failure may also be responsible 
for pulmonary edema. 

Postoperative pulmonary edema may result 
from overtransfusion with blood, plasma, or 
a plasma substitute [2, 3], If the circulating 
blood volume cannot be measured by the dye 
method, the clinical recognition of an exces- 
sive circulating blood volume is not simple 
The patient’s face may be flushed and the 
superficial veins distended. Perhaps an in- 
crease of the systemic venous pressure is the 
best clue to the condition. Indeed, the clinical 
condition is somewhat similar to that of con- 
gestive heart failure. The treatment is im- 
mediate venesection with the withdrawal of 
sufficient blood to reduce the blood volume 
to normal. 

In addition to the specific measures re- 
ferred to above, the patient should be main- 
tained in a semierect position and given 
oxygen. Positive-pressure breathing may be 
beneficial and should be employed if all other 
measures fail, but it should be supervised by 
an experienced person. 

TREATMENT OF POSTOPERATIVE 
INFECTION 

There is little danger of infection of the 
pleural or peritoneal cavities in esophageal 
resections if soiling is avoided, and if the 
esophagojejunal or esophagogastric anastomo- 
sis is properly performed with the main- 
tenance of a good blood supply at the 
anastomotic suture line. Following a pneu- 
monectomy, a large dead space is left which 
constitutes a potential field for infection. At 
the conclusion of the operation this is filled 
with air which becomes gradually replaced 
after operation with scrosanguineous fluid. 
The dead space and the collection of fluid 
constitute a violation of the usual rules of 
good surgical technic, and yet they are un- 
avoidable. If infection does occur and the 
pleural effusion becomes purulent, it must be 
drained. If this happens early in the post- 
operative course, or the patient’s general 
condition is precarious, drainage Is best ac- 
complished by the closed tube method. This 
can be done most simply by inserting a cathe- 
ter in an intercostal space and connecting the 
catheter with the closed drainage system that 
as been described above. Later on, it will 


usually be found advisable to convert this 
closed drainage to open drainage with large 
tubes inserted through the bed of a resected 
rib. Such open drainage can be established 
primarily if the fluid is markedly purulent and 
if the mediastinum is stable. 

In postoperative empyemas, when no pul- 
monary tissue has been resected, drainage 
alone should be sufficient to allow the 
empyema cavity to heal. In lower lobe lobec- 
tomies, the establishment of open drainage is 
sometimes sufficient to result in healing from 
obliteration of the cavity by elevation of the 
diaphragm, shift of the mediastinum, and ex- 
pansion of the remaining pulmonary tissue 
on the operated side. If healing does not oc- 
cur promptly, the ribs overlying the empyema 
cavity should be resected subpcnosteally. Fol- 
lowing upper lobe lobectomies, a partial upper 
thoracoplasty may be necessary to obliterate 
the empyema cavity. Drainage of any empy- 
ema following a pneumonectomy invariably 
necessitates the performance of a thora- 
coplasty in order to obliterate the empyema 
cavity. 

MANAGEMENT OF BRONCHOPLEURAL 
FISTULA 

A bronchopleural fistula is rare following 
the operation of lobectomy. It constitutes, 
however, a serious postoperative complica- 
tion in a small percentage of cases following 
penumonectomy. Fortunately, it rarely occurs 
early in the postoperative period. It becomes 
evident most frequently twelve to sixteen days 
after the operation. The typical symptom pro- 
duced by such a fistula is the coughing up of 
serosanguineous material that is similar in 
appearance to the pleural effusion This may 
begin as slight hemoptysis or the coughing of 
pink frothy material. Confirmation of the 
presence of the fistula is obtained by having 
the patient lean toward his unoperated side. 
This maneuver will produce an increase in 
the expectoration of the characteristic pinkish 
fluid. The maneuver should be done cau- 
tiously so as not to flood the tracheobronchial 
tree with fluid and so drown the patient. 
Sometimes the opening between the bronchus 
and the pleural cavity apparently develops 
suddenly when the patient is lying down. This 
results in a paroxysm of coughing and ex- 
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of sodium by the intravenous route is inad- 
visable in the immediate postoperative period, 
because it will result in the retention of so- 
dium and water and the production of edema 
{6, 8J. The edema, of course, will be most 
pronounced in the tissues injured by opera- 
tion, and is particularly undesirable where 
there are important anastomotic suture lines, 
as in an esophagogastric anastomosis, or in 
the crucial suture line closing a bronchial 
stump. 

NUTRITION 

See Volume I, Chapter 9, for a general dis- 
cussion of postoperative nutrition. 

POSTOPERATIVE COMPLICATIONS 
CARDIAC COMPLICATIONS 

One of the commonest postoperative com- 
plications in elderly patients is auricular fibril- 
lation, which usually appears during the first 
two or three postoperative days, but may 
occur at any time during the first week. Con- 
version to normal rhythm may take place 
spontaneously; if not, the fibrillation should 
be treated. If there are no signs of congestive 
failure, an attempt may be made to convert 
to normal rhythm by employing quinidinc 
sulphate. If there is congestive failure or if 
the quinidine does not restore normal rhythm 
promptly, the patient should be digitalized 
rapidly. We use Lanatoside (Cedilanid) 1.6 
mg. intravenously, followed by a maintenance 
dose of 0.1 to 0.2 mg. of digi toxin daily by 
mouth. 

Disturbance of cardiac rhythm has been 
very rare in the authors’ experience. Coro- 
nary thrombosis postoperatively is also for- 
tunately rare and should not occur in the 
postoperative period more frequently than at 
any other time, provided the patient is ade- 
quately hydrated and that hemoconcentration 
is avoided. Patients with hypertension do not 
require any particular deviation from the 
routine postoperative treatment. 

CAUSE AND TREATMENT OF 
PULMONARY EDEMA 

Pulmonary edema is more likely to occur 
following a pneumonectomy than after other 
types of thoracic operations. After removal 
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of one lung, twice as much blood passes 
through the bed of the remaining lung. The 
pulmonary vascular bed of the remaining 
lung is, of course, easily able to accommodate 
this increased blood flow under conditions of 
moderate activity, even in elderly patients 
with some impairment of cardiac and pul- 
monary function. However, in the immediate 
postoperative period intrathoracic pressure re- 
lationships have not yet stabilized. Under 
these circumstances the increased blood flow 
and the increased volume of blood in the 
remaining lung provide favorable conditions 
for the development of pulmonary edema 
from relatively minor causes which, later in 
convalescence, would not produce pulmonary 
edema. 

The common causes of postoperative pul- 
monary edema are: (1) an excessive sero- 
sanguineous pleural effusion, (2) left heart 
failure, and (3) the administration of exces- 
sive amounts of intravenous fluids. These 
conditions may exist in combination or singly. 
The relationship between a large collection 
of fluid in the pleural cavity following pneu- 
monectomy and pulmonary edema in the re- 
maining lung is not clear. The fluid may cause 
mechanical embarrassment of the heart, or 
the hydrostatic pressure of the fluid in the 
pleural cavity may compress the pulmonary 
veins, thus increasing pulmonary capillary 
pressure. The condition is aggravated with 
the patient in the recumbent position and al- 
leviated when be is silting up. It is best treated 
by withdrawing the serosangumeous fluid. 
While the fluid is being withdrawn, a some- 
what smaller quantity of air should be in- 
jected, to leave the patient with a slightly 
negative intrapleural pressure. If the volume 
of the serosangumeous fluid is large, and 
particularly if it has a high hematocrit, a 
blood transfusion should be given, especially 
if the pulse rate is rapid and the hematocrit 
of the circulating blood below normal. Such 
a blood transfusion, if given slowly, will not 
result in a recurrence of the pulmonary 
edema It will, on the contrary, restore the 
circulating mass of hemoglobin to its normal 
value, and thus make oxygen available to the 
tissues at a slower circulation rate, which in 
turn will diminish the work of the heart. 
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Left heart failure may also be responsible 
for pulmonary edema. 

Postoperative pulmonary edema may result 
from overtransfusion with blood, plasma, or 
a plasma substitute [2, 3]. If the circulating 
blood volume cannot be measured by the dye 
method, the clinical recognition of an exces- 
sive circulating blood volume is not simple 
The patient’s face may be flushed and the 
superficial veins distended. Perhaps an in- 
crease of the systemic venous pressure is the 
best clue to the condition. Indeed, the clinical 
condition is somewhat similar to that of con- 
gestive heart failure. The treatment is im- 
mediate venesection with the withdrawal of 
sufficient blood to reduce the blood volume 
to normal. 

In addition to the specific measures re- 
ferred to above, the patient should be main- 
tained in a semierect position and given 
oxygen. Positive-pressure breathing may be 
beneficial and should be employed if all other 
measures fail, but it should be supervised by 
an experienced person 

TREATMENT OF POSTOPERATIVE 
INFECTION 

There is little danger of infection of the 
pleural or peritoneal cavities in esophageal 
resections if soiling is avoided, and if the 
esophagojejunal or esophagogastric anastomo- 
sis is properly performed with the main- 
tenance of a good blood supply at the 
anastomotic suture line. Following a pneu- 
monectomy, a large dead space is left which 
constitutes a potential field for infection. At 
the conclusion of the operation this is filled 
with air which becomes gradually replaced 
after operation with serosanguineous fluid. 
The dead space and the collection of fluid 
constitute a violation of the usual rules of 
good surgical technic, and yet they are un- 
avoidable. If infection does occur and the 
pleural effusion becomes purulent, it must be 
drained. If this happens early in the post- 
operative course, or the patient’s general 
condition is precarious, drainage is best ac- 
complished by the closed tube method. This 
can be done most simply by inserting a cathe- 
ter in an intercostal space and connecting the 
catheter with the closed drainage system that 
has been described above. Later on, it will 


usually be found advisable to convert this 
closed drainage to open drainage with large 
tubes inserted through the bed of a resected 
rib. Such open drainage can be established 
primarily if the fluid is markedly purulent and 
if the mediastinum is stable. 

In postoperative empyemas, when no pul- 
monary tissue has been resected, drainage 
alone should be sufficient to allow the 
empyema cavity to heal. In lower lobe lobec- 
tomies, the establishment of open drainage is 
sometimes sufficient to result in healing from 
obliteration of the cavity by elevation of the 
diaphragm, shift of the mediastinum, and ex- 
pansion of the remaining pulmonary tissue 
on the operated side. If healing does not oc- 
cur promptly, the ribs overlying the empyema 
cavity should be resected subperiosteally. Fol- 
lowing upper lobe lobectomies, a partial upper 
thoracoplasty may be necessary to obliterate 
the empyema cavity. Drainage of any empy- 
ema following a pneumonectomy invariably 
necessitates the performance of a thora- 
coplasty in order to obliterate the empyema 
cavity. 

MANAGEMENT OF BRONCHOPLEURAL 
FISTULA 

A bronchopleural fistula is rare following 
the operation of lobectomy. It constitutes, 
however, a serious postoperative complica- 
tion in a small percentage of cases following 
penumonectomy. Fortunately, it rarely occurs 
early in the postoperative period It becomes 
evident most frequently twelve to sixteen days 
after the operation. The typical symptom pro- 
duced by such a fistula is the coughing up of 
serosanguineous material that is similar in 
appearance to the pleural effusion. This may 
begin as slight hemoptysis or the coughing of 
pink frothy material. Confirmation of the 
presence of the fistula is obtained by having 
the patient lean toward his unoperated side. 
This maneuver will produce an increase in 
the expectoration of the characteristic pinkish 
fluid. The maneuver should be done cau- 
tiously so as not to flood the tracheobronchial 
tree with fluid and so drown the patient. 
Sometimes the opening between the bronchus 
and the pleural cavity apparently develops 
suddenly when the patient is lying down. This 
results in a paroxysm of coughing and ex- 



288 

perforation of large amounts of fluid. For- 
tunately, the patient will spontaneously 
assume the erect position. In this position, 
the pleural effusion will gravitate toward the 
most dependent part of the pleural cavity 
away from the bronchial opening. 

As soon as a diagnosis of a bronchopleural 
fistula is made, all the fluid possible must be 
aspirated from the pleural cavity. This is best 
done through a needle in the eighth or ninth 
interspace in the posterior scapular line while 
the patient is erect It is not necessary to re- 
place the fluid with air, as air can easily enter 
the pleural cavity through the fistula. The 
aspiration should be repeated in 12 or 24 
hours, and at intervals thereafter if the fluid 
reaccumulates, as shown by the patient’s ex- 
pectoration of the material, or as seen in a 
roentgenogram of the chest. If the fistula is 
of considerable size, it will make the patient 
dyspneic because of the to-and-fro movement 
of air through the fistula with respiration 
During inspiration, air not only enters the 
good, remaining lung through the larynx but 
also through the fistula communicating with 
the opposite pleural cavity. Similarly with 
expiration, some of the expired air passes 
through the fistula into the pleural cavity. 
This movement of gases through the fistula 
will result in a diminished concentration of 
oxygen and an increased concentration of 
carbon dioxide in the alveolar air, with re- 
sultant dyspnea. If the fistula is of such a size 
that the patient is dyspneic, there is nothing 
to be gained by delaying definitive treatment. 

The presence of a bronchopleural fistula 
creates an avenue for infection of the pleural 
cavity. When the fistula persists, infection of 
the pleural space is almost inevitable. When 
infection occurs, it should be treated promptly 
by open drainage and antibiotic therapy. The 
latter, however, will not prevent infection of 
the pleural space in any case of persistent 
fistula. 

Attempts at closure of the fistula by direct 
suture will inevitably fail. The proper method 
is first to establish open drainage of the 
pleural cavity and then to perform an 8 or 9 
rib thoracoplasty to obliterate the pleural 
space completely. Open drainage is best es- 
tablished by excising 8 to 10 cm. of the eighth 
or ninth rib posteriorly together with the 
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periosteum and pleura. The operation should 
be performed under local anesthesia with the 
patient sitting up. If it appears desirable, a 
similar length of the rib above or below the 
one resected can also be removed together 
with the intervening intercostal muscle bun- 
dle. The object is to create an opening large 
enough to provide easy access to the pleural 
cavity for packing. The pleural cavity is then 
packed from top to bottom with a long length 
of a wide gauze roll. The wound edges are 
covered with petrolatum gauze strips to pre- 
vent the gauze packing from becoming ad- 
herent to the wound. The original packing 
can usually be left in place for forty-eight 
hours, but should be changed daily thereafter. 
If the operative wound has been made large 
enough, the daily packing can be performed 
without discomfort to the patient. In our ex- 
perience, open tube drainage is less effective 
in relieving the patient’s symptoms of cough 
and dyspnea than the method of packing de- 
scribed above. Irrigations, of course, should 
never be employed because of the danger of 
the irrigating fluid entering the tracheo- 
bronchial tree by way of the fistula. 

As soon as the patient’s condition warrants, 
a thoracoplasty should be performed. It is 
best done under general anesthesia with an 
intratracheal tube in place. Because the me- 
diastinum is stabilized by this time, a com- 
plete 8-rib or 9-rib thoracoplasty can be 
performed in one stage without producing 
any dangerous paradoxical motion. The pack- 
ing will no longer be necessary following the 
thoracoplasty, and prompt healing of the 
fistula and the empyema cavity should result. 

PHLEBITIS AND THROMBOSIS 

Phlebothrombosis of the femoral venous 
system may occur after extensive thoracic 
operations. Because of the possibility of pul- 
monary embolism, it is a particularly hazard- 
ous complication following the removal of 
one lung. It is apparent that a pulmonary 
embolus of a size that might be tolerated by 
a patient with two lungs may prove fatal after 
a pneumonectomy. 

The phlebothrombosis should be treated as 
soon as it is recognized, by the use of anti- 
coagulants or vein ligation When one lung 
has been removed, we advocate vein ligation. 
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We make it a practice to ligate both super- 
ficial femoral veins even though the symp- 
toms may be confined to one side. The usual 
technic is employed, with aspiration of any 


clot that may be present. Elastic bandages 
are applied to the lower legs postoperatively, 
and the patient is allowed, and urged, to con- 
tinue to be out of bed and walking. 
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Treatment of Neoplasms of tlic Trachea and Its Bifurcations 


ture. D’Aunoy and Zoellcr in 1931 [81 re- 
ported 351 tumors of the trachea in a review 
of cases reported in the literature. In 1938 
Culp [6] reported a series of 433 primary 
tumors of the trachea, 147 (34 per cent) of 
which were carcinomas. According to Ellman 
and Whittaker [10], up to December, 1945, 
507 cases of tumor of the trachea had been 
reported in the world literature. They divided 
these tumors into four groups as follows: 
simple tumors, 253; carcinomas, 187; other 
malignant tumors, 38; tumors of doubtful 
histology, 29. 

Most of the published literature concern- 
ing tumors of the trachea consists of reports 
of one or two cases. Fisher [12) mentioned 
having observed six patients who had tracheal 
neoplasms among 20,433 patients seen in pri- 
vate practice. Tinney, Moersch, and McDon- 
ald [39] reported twenty-seven cases of 
tracheal tumors observed at the Mayo Clime 
in the years 1921 through 1944. This is the 
largest scries of cases of tracheal tumor from 
one institution reported in the literature. 

Tumors can occur anywhere in the trachea. 
Culp mentioned that most of the cases re- 
ported in his review involved the posterior 
wall of the lower third of the trachea. Tinney, 
Mocrsch, and McDonald found 56 per cent 
of the tumors in their series involving the 
lower third of the trachea and noted that the 
anterior wall of the trachea was rarely the 
site of tumor formation. Tumors of the 
trachea occur predominantly in men, just as 
is true of bronchogenic neoplasms. According 
to Culp, 63 per cent occur in men. Most pa- 
tients with tracheal tumors are from thirty to 
seventy years of age. 

Ellman and Whittaker have recorded 
twenty different pathologic types of primary 
tracheal tumors. In the 507 cases of tracheal 
tumors collected by them, 225 (44 3 per cent) 
were considered malignant tumors. However, 
they classified adenomas and cylindromas of 
the trachea as benign tumors, whereas ac- 
cording to present pathologic criteria such 
tumors must be considered as malignant neo- 
plasms. Tinney. Moersch, and McDonald in 
their report of twenty-seven cases found 
squamous-cell carcinomas m eleven, cylin- 
dromas in eight, adenocarcinomas in six, and 
hemangioendotheliomas in two. 
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PATHOLOGIC AND CLINICAL ASPECTS 
OF TRACHEAL TUMORS 

Because of the extreme rarity of tumors 
of the trachea, it has been difficult to correlate 
the type of tumor with the clinical course of 
the patient. It is essential that the various 
types of tumors in the trachea be properly 
classified because of their widely variant 
growth factors. They can best be divided into 
those that are benign and those that arc malig- 
nant. 



Benign Tracheal Tumors 
PAPILLOMA 

The commonest benign tumor is the papil- 
loma, which may be considered in two groups, 
namely, those occurring in children and those 
in adults. In both groups they arc frequently 
associated with a similar tumor in the larynx 
and, in the occasional case, there may be in- 
volvement of the bronchial tree. The papil- 
lomas arc usually multiple and may involve 
cither a small or a large segment. The indi- 
vidual papillomas arc usually small and pro- 
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duce a warty or cauliflower-like appearance, 
projecting into the lumen from the mucosa. 
The papilloma microscopically is made up of 
a core of connective tissue surrounded on 
three sides by slightly larger spindle cells that 
show some evidence of squamatization (Fig- 
ure 15-1). A few mitotic figures are fre- 
quently seen. Although papillomas recur in 
children, they do not infiltrate, do not metas- 



Fig 15-2. Osteochondroma of the trachea showing 
the cartilage in bone. (Hematoxylin and eosm, X 45 ) 


tasize, and, therefore, must be considered 
benign. In adults, papillomas do not tend to 
be multiple, as they do in children, but they 
do tend to infiltrate and metastasize and 
should be considered potentially malignant. 
The microscopic appearance is similar to that 
of the papillomas seen in children. Regression 
is a prominent feature of papillomas in chil- 
dren when adolescence has been reached. 

OSTEOCHONDROMA AND OTHER 
BENIGN TUMORS 

Occasionally, osteochondromas will involve 
the trachea. These originate from the carti- 
laginous plates of the trachea and usually are 


Intratlioracic Tumors 
multiple, are benign, and may produce marked 
narrowing of the tracheal lumen with conse- 
quent symptoms. The mucosa overlying the 
projections of cartilaginous bone is intact. 
Histologically there is an intermingling of 
cartilage and bone (Figure 15-2). The actual 
bony cartilaginous outgrowths arc hard and 
there has been considerable debate as to 



Fig 15-3. Squamous-cell carcinoma in *lto cf ill® 
trachea. The tumor cells have not Infiltrated into the 
subjacent connective tissue. (Hematoxylin and eostn, 
X 125) 

whether these should be regarded as true 
tumors or merely exostoses. 

Other benign tumors that are rarely en- 
countered in the trachea are lipoma, heman- 
gioma, and fibroma 

Malignant Tracheal Tumors 
SQUAMOUS-CELL CARCINOMA 

This type of carcinoma is the most common 
and comprises 41 per cent of the scries re- 
ported by Tinncy, Mocrsch, and McDonald. 










294 

likened to an iceberg with the small top por- 
tion projecting into the lumen and the deep 
portion hidden in the tracheal wall. 

The tumor cylindroma is composed of cells 
that form cords and tend to produce an ap- 
pearance similar to that seen on the cut sur- 
face of Swiss cheese (Figure 15-5). Not 
infrequently, a stroma of mucoid connective 
tissue can be found between the epithelial 
strands. Such a stroma relates these tumors 



Fig. 15-6. Adenocarcinoma of the trachea. The carci- 
noma cells ore forming acini (Hematoxylin and eosm, 

X 145) 


to the mixed tumors of the salivary glands. 
Because of the rarity of the tumor in the 
trachea in comparison to other locations, the 
clinical course of these tumors can best be 
gauged by a study of cylindromas in other 
parts of the body. Such a study shows that in 
the mouth, nose, throat, and accessory para- 
nasal sinuses these tumors are slowly growing 
but that, because of their infiltrative character- 
istics and their ability to metastasize by emboli, 
they are seldom cured. The clinical course is 


Intrathoracic Tumors 
similar in the trachea. Although the tumors are 
slowly growing, their course is relentless, with 
evidence of embolism late in the course. Since 
encapsulation of the tumor is seldom seen, 
surgical excision must include a portion of 
seemingly normal adjacent tissue. 

ADENOMA OF CARCINOID TYPE 
Adenomas of the carcinoid type, which are 
relatively common in the bronchus, may in- 



volve the trachea secondarily but are seldom 
seen as a primary tumor. Most of the tumors 
that have been reported in the literature as 
adenomas are in reality cylindromas. 

ADENOCARCINOMA 

This is a small group; six such tumors were 
included in the twenty-seven cases reported by 
Tinney, Moersch, and McDonald. These 
tumors apparently originate from the surface 
mucosa and produce either a polypoid mass 
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or an excavating and ulcerating defect in the 
trachea. Microscopically these tumors produce 
acini and may produce mucus (Figure 15-6). 
They are very malignant. 

HEMANGIOENDOTHELIOMA 
There are a few malignant tumors that ap- 
pear to be making blood vessels and for which 
the diagnosis of malignant hemangioendo- 
thelioma must be entertained (Figure 15-7). 
They are very rare. 

SYMPTOMS OF TRACHEAL TUMORS 

The symptoms of tracheal tumors arc de- 
pendent primarily on mechanical factors 


tients with tracheal tumor is regarded as 
being due to asthma for some time before 
the possibility of an obstructing tumor is con- 
sidered. Logically one would expect wheeze 
to occur in patients with tracheal tumor and 
this symptom was encountered in 63 per cent 
of the Mayo Clinic series. 

As would be expected, cough is a common 
symptom of tracheal tumor. At first the cough 
is dry and unproductive, but if the tumor 
ulcerates or obstructs drainage of the tracheo- 
bronchial tree, it may become productive. 
Hemoptysis had occurred in 44 per cent of 
the Mayo Clinic series, Hoarseness is a fairly 
frequent symptom of tracheal tumors and is 
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Fig 15 8 Mechanical foctor* reiponuble for lome 
of tumor of the tracheo. ( From H. J. Moench, Proe 
Chn 21 410, 1946) 


rather than on the pathologic characteristics 
of the tumor itself. These mechanical factors 
are illustrated in Figure 15-8. A tumor with 
a wide base, arising from the wall of the 
trachea and extending into the lumen, will 
interfere with both inspiration and expira- 
tion A pedicled tumor, on the other hand, 
may cause obstruction to either inspiration or 
expiration. A study of Figure 15-8 will in- 
dicate the symptoms one might expect to 
occur in tracheal tumors. Owing to reduction 
in the size of the lumen, interference with the 
passage of air into the lung, with resulting 
dyspnea, would be expected. Clinically, dysp- 
nea has been the earliest and most prominent 
symptom in cases of tracheal tumor and was 
found in 90 per cent of cases seen at the 
Mayo Clinic. The dyspnea may be either con- 
stant or paroxysmal and often is affected by 
change m position. Often the dyspnea in pa- 


usually due to involvement of the recurrent 
laryngeal nerve by the peritracheal extension 
of the tumor lymph node involvement. 
Tumors of the trachea may involve the 
esophagus by direct extension and cause dys- 
phagia. 

DIAGNOSIS OF TRACHEAL TUMORS 

Often physical examination in instances of 
tracheal tumor is entirely negative. A wheeze 
or stridor is significant when present. If the 
tumor obstructs cither main bronchus, there 
may be physical signs of atelectasis or em- 
physema, depending on whether the tumor 
causes obstruction on inspiration or expira- 
tion. Roentgenograms of the thorax made in 
the usual way may show nothing of signifi- 
cance unless the tumor is causing obstruction 
of a main bronchus. Tomograms arc useful 
and will usually outline tumors of the trachea 
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satisfactorily. Roentgenograms after instilla- 
tion of iodized oil into the trachea may show 
the outline of a tumor of the trachea. Oc- 
casionally a tracheal tumor can be seen on 
direct laryngoscopy. Definite accurate diag- 
nosis of tracheal tumors is best accomplished 
by bronchoscopic examination. There is con- 
siderable variation in the bronchoscopic ap- 
pearance of tracheal tumors. Some are poly- 
poid with a narrow pedicle, others flat and 
infiltrating. Some are ulcerated, others smooth 
and covered with normal tracheal epithelium. 
If the tumor is polypoid or pedunculated, the 
endoscopist may be able to remove all or 
most of the intraluminal projection of the 
tumor Specimens of the flat, ulcerated, and 
infiltrating tumors can be removed by the 
endoscopist for histologic examination and 
the exact extent and location of the tumor can 
be ascertained in most instances. 

TREATMENT OF TRACHEAL TUMORS 

Treatment of tracheal tumors customarily 
has been left in the hands of the endoscopist. 
Available treatment has consisted of piece- 
meal removal of tissue projecting from the 
tracheal wall, diathermic cauterization of the 
base of the tumor, implantation of radon 
seeds, and externally administered roentgen 
therapy. Obviously, a more ideal treatment 
and one more in keeping with the accepted 
principles of surgery for neoplastic disease, 
would be a complete excision of the tumor 
with a surrounding margin of normal tissue 
and, if possible, the regional lymph nodes. 
Apparently, the hazards involved in an oper- 
ation of this character on the trachea have 
precluded such treatment. A thorough review 
of the literature failed to disclose much evi- 
dence of efforts directed toward surgical ex- 
cision of tracheal tumors 

Belsey, in 1946, reported a case of a woman 
of forty-two years who had an adenoma 
of the trachea. It had been treated for three 
years by cautery through the endoscope and 
by roentgen therapy. Belsey resected the 
lateral wall of the thoracic portion of the 
trachea and repaired the defect with a spiral 
of steel wire to maintain the lumen of the 
trachea covered by a patch of fascia from 
the thigh. The patient recovered but Belsey's 


Intraflioracic Tumors 

report does not indicate the course of events 
after two weeks. 

In 1949 Rob and Bateman [35J reported 
four cases in which operation was performed 
on the cervical portions of the esophagus and 
trachea. In one case operation was performed 
for carcinoma of the thyroid and in three for 
carcinoma of the hypopharynx and upper 
part of the esophagus. None of these opera- 
tions involved the intrathoracic portion of the 
trachea. In the reconstruction of the cervical 
trachea in these cases, fascia and tantalum 
gauze were used. One patient was well after a 
year, one died in six months, one in five 
months, and one in four weeks after opera- 
tion. Jarvis [23] mentioned one patient in 
whom a cylindroma was excised from the 
thoracic portion of the trachea just below the 
sternal notch. Tracheal continuity was main- 
tained with a stainless steel tube. After one 
year the tube was removed. Within three 
weeks stenosis of the trachea made replace- 
ment of the tube necessary. This patient died 
thirty-three months after operation, of gener- 
alized pleural and pulmonary metastases. 
Holmes [21] reported a patient with trauma 
to the cervical portion of the trachea, with 
stenosis, for which insertion of a metaJ tube 
was required for maintenance of an airway. 

In 1948 Longmire [30a] reported on the 
use of a lucite tube in repairing a tracheal 
defect Postoperatively, the patient moved to 
Texas. About eight years later another sur- 
geon removed the lucite prosthetic stent and 
was able to perform a primary anastomosis 
of the tracheal edges, which had become 
elongated throughout the years, as was 
demonstrated by Pressman and Simon (1958). 

In 1948 Gibbon [14] reported the case of 
a patient in whom excision of a bronchial 
adenoma required resection of the left mam 
bronchus and a portion low on the trachea. 
The defect in the trachea was successfully 
closed with a pedicled flap of parietal pleura 
wrapped around a piece of costal cartilage. 
Although the operation was a palliative pro- 
cedure, the patient nevertheless had a year of 
life after the operation without dyspnea, and 
a total survival after operation of approxi- 
mately fifteen months. 

In 1958 Exequiel Lira [30] resected the 
trachea in two patients bearing cancer of the 
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upper portion of the trachea, and infringed 
upon the larynx. The procedure (Figure 15-9) 
required the performance of a partial latyn- 
gectomy and a transstemal tracheostomy, 
which functioned satisfactorily. 

Our clinical experience with surgical re- 
section of tumors of the trachea consists of 
three patients for whom resection of a por- 
tion of the trachea was performed. A brief 
resume will serve to illustrate the problem 
involved. 



The first patient was a forty-nine-year-old 
man who presented a history of cough of 
three years’ duration. Bronchoscopy revealed 
a large tumor mass almost filling the lower 
part of the trachea. This tumor (a cylin- 
droma) was removed bronchoscopically, with 
immediate relief of wheezing and dyspnea. 
During the next six years, bronchoscopy with 
excision of recurrent tumor and coagulation 
of the base was performed twelve times. The 
tracheal tumor had been treated with roentgen 
rays. During these years the patient’s general 
condition remained good. Metastasis did not 
develop. 

In spite of the bronchoscopic removal of 
the intraluminal portion of the tumor, the 
lumen of the trachea gradually decreased 
tmtil it measured only 2 mm. in diameter. 
Dilatation of the trachea at the site of nar- 


rowing was performed, with some relief. Care- 
ful measurement disclosed that the distance 
from the trachea to the proximal margin of 
the tumor was 7.5 cm. and the distance from 
the distal edge of the tumor to the carina was 
3.5 cm. Tomograms revealed marked narrow- 
ing of the lower part of the trachea and a 
small extra tracheal mass. Severe wheezing and 
dyspnea recurred. The risks involved in at- 
tempting surgical resection of the trachea and 
reconstruction of an adequate airway were 
discussed frankly with the patient. He re- 
quested that the operation be attempted. 

Anesthesia for operation presented a prob- 
lem because the tracheal lumen was so nar- 
rowed that there was not an adequate airway 
for anesthetization. Therefore, after topical 
cocainization of the pharynx, a Negus bron- 
choscope was introduced and with some dif- 
ficulty passed through the strictured area into 
the left main bronchus Nitrous oxide, oxygen, 
and ether anesthesia was then administered 
through the bronchoscope. 

A right posterolateral incision was made. 
Segments of the fourth and fifth ribs were 
resected and the pleural space opened. The 
trachea and tumor was dissected out and 
mobilized without opening the left pleura. 
Circular incisions were made through the 
trachea above and below the tumor, com- 
pletely freeing the segment of trachea con- 
taining the tumor. A polyethylene tube of 
suitable size and length was selected for in- 
sertion into the trachea to bridge the gap 
between the two ends of the trachea. Silk 
sutures were placed in the cut edge of the 
proximal and distal ends of the trachea, so 
that the tracheal ends could be approximated 
as closely as possible after the tube had been 
inserted. When the preparations had been 
completed, the bronchoscope was withdrawn 
from the left bronchus and lower part of the 
trachea. The segment of trachea and tumor 
was removed, the polyethylene tube was in- 
serted, and the bronchoscope reinserted 
through the polyethylene tube into the left 
bronchus. This procedure was accomplished 
quickly and without difficulty. 

Attempts to approximate the ends of the 
trachea as closely as possible with the pre- 
viously placed silk sutures were unsuccessful, 
because the tissues at the lower end of the 
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trachea were weak and friable and the sutures 
pulled out. It was finally necessary to sacrifice 
the lower end of the trachea, the carina, and 
the right lung and restore the airway with a 
long polyethylene tube connecting the upper 
part of the trachea with the left main bron- 
chus. The polyethylene tube was secured at 
each end with silk ligatures. There was no 
leakage of air. The mediastinal pleura was re- 
paired, and the operative site was irrigated 
thoroughly with saline solution. Two hundred 
thousand units of penicillin were left in the 
pleural space. Tracheostomy was performed. 

The postoperative course the first four days 
was uneventful. The temperature was only 
slightly elevated. The patient was able to eat 
without difficulty and to talk when the trache- 
ostomy tube was dosed. Secretions in the 
tracheobronchial tree required rather frequent 
aspiration The left lung was clear on roent- 
genographic examination until the third day, 
when patchy regions of bronchopneumonia 
appeared. In spite of antibiotics and aspiration 
of the tracheobronchial tree, the broncho- 
pneumonia progressed and on the sixth day 
the patient died of respiratory failure. 

Post-mortem examination revealed that the 
plastic tube was not properly placed. It par- 
tially blocked the left upper-lobe bronchus 
and was undoubtedly responsible to a large 
extent for the bronchopneumonia in the left 
lung. There was no evidence of infection in 
the mediastinum or right pleural space. No 
residual tumor was found. (This case was 
previously reported by us in 1948 [5]). 

A second patient, a sixty-ycar-old woman, 
had been well until four weeks previously, 
when she had had influenza and a dry cough. 
Three weeks before admission, hemoptysis 
had developed. Roentgenograms elsewhere 
had been reported ‘■negative" but she had 
been hospitalized and treated with antibiotics. 
In spite of treatment she had become worse, 
and wheezing, severe dyspnea, increasing 
hemoptysis, and cyanosis had developed. 

On admission to the Clinic she was hos- 
pitalized immediately. She was cyanotic and 
there was marked wheezing. Roentgenograms 
of the thorax were interpreted as showing an 
indefinite soft-tissue shadow low in the right 
pulmonary field. Other laboratory studies 
were noncontributory. Bronchoscopy was per- 


Intrathoradc Tumors 
formed. A large polypoid tumor was found 
on the right lateral and posterior walls of the 
lower end of the trachea. Most of the intra- 
tracheal portion of the tumor was removed 



Fig. 15-10. Cylindroma of lateral wall of Irachea, 
(ying juit above orygos vein and posterior to superior 
vena cava, in a sixty-year-old woman. 


endoscopically. On pathologic examination 
the tumor proved to be a cylindroma of the 
trachea. Bronchoscopy was repeated, and the 
remainder of the tumor was removed. The 
patient was completely relieved of all her 
symptoms. Tomograms indicated a small 
tumor mass outside the tracheal wall at the 
site of the lesion. Excision of the tumor was 
advised. Figure 15-10 reveals the presence of 



Fig 15-11. Cylindroma of the trachea. Azygos vein 
divided and pleura reflected from cylindroma. 
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the tumor of this patient. Figure 15-11 shows revealed squamous-cell carcinoma. Grade IV. 
the division of the azygos vein and Figures Figure 15-14 shows the tumor exposed at 
15-12 and 15-13 illustrate the resultant defect thoracotomy. It was located on the right 
after the removal of the tumor and the lateral wall of the trachea near the upper 

method of its repair. The patient remained limit of the intrathoracic portion of the 

well for the first postoperative year. trachea. Several lymph nodes adjacent to the 



Fig. 15-12. Cylindroma of the trachea Defect in Fig 15-14 Squamous-cell carcinoma of right lateral 

lateral woll of trachea after excision of cylindroma wall of middle part of the trachea lying posterior to 

Infrabronchiat anesthesia tube visible in tracheal lumen the superior vena cava in a fifty-nine-year-ofd male 


The third patient was a fifty-nine-year-old 
male whose symptoms consisted of a slight 
cough with occasional hemoptysis Roentgen- 
ograms of the thorax did not reveal any ab- 
normalities. Bronchoscopy revealed a fiat, 
ulcerating lesion on the right lateral wall of 
the middle third of the trachea. A biopsy 



Fig 15 13 Cylindroma of the trachea Repair of 
tracheol defect with wire-reinforced fascial poteh. 


tumor were obviously involved with carci- 
noma The right recurrent laryngeal nerve 
could not be mobilized from the tumor and 
was sacrificed. The involved lymph nodes, 
the tracheal tumor, and a margin of normal 



Fig. 15-15. Squamous-celt carcinoma of the trachea. 
Defect in lateral wall of trachea after excision of 
carcinoma Intrabronchial onesthesia tube visible in 
trocheal lumen 
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trachea were excised. This required resec- 
tion of more than half the circumference of 
the trachea and left a defect about 4 cm. 
long (Figure 15-15). The intratracheal tube 



Fig. 15-14. Squamous-cell carcinoma of the trachea 
Polyethylene tube in place in the tracheal lumen. 


was withdrawn temporarily and a polyethy- 
lene tube of appropriate size and length was 
inserted to bridge the defect in the trachea. 
This was secured in place with silk ligatures 
(Figure 15-16). A patch of fascia obtained 
from the right thigh was then sutured over 
the defect with interrupted silk sutures (Fig- 
ure 15-17). A sheet of Gel foam was wrapped 



Fig 15-17. Squamous-cell carcinoma of »he irochea. 
Foscioi flap sutured over the defect in the tracheal 
wall. 


Intrathoraclc Tumors 
around the repaired trachea. The mediastinal 
pleura was repaired. Tracheostomy was per- 
formed. The postoperative course was satis- 
factory. The tracheostomy tube was removed 
on the tenth postoperative day. The patient 
was dismissed three weeks after operation. 

Bronchoscopy one year later revealed some 
granulation tissue and secretion around both 
ends of the polyethylene tube. The tube was 
in good position but had loosened slightly. 
The patient remained well, mild symptoms 
being promptly controlled with antibiotics. 

While it is impossible to draw any far- 
reaching conclusions from this series of three 
patients, this experience does demonstrate 
that many of the technical problems that have 
prohibited operations on the trachea in the 
past have been overcome and that in some 
instances, at least, tumors of the trachea 
can be removed successfully. 

EXPERIMENTAL STUDIES 

The following statements appear to be 
warranted as a result of our laboratory 
studies: 

1. Abnormal retention of respiratory secre- 
tion does not occur because of the presence 
of a snugly fitting polyethylene tube in the 
normal dog’s trachea or main bronchus. 

2. Polyethylene tubes of the proper size 
and design cause minimal local irritation and 
few or no symptoms in dogs, even over a 
period of years 

3. When no resection is performed, tubes 
that are placed in the trachea or bronchus 
are well tolerated but may become dislodged 
or cause irritation if they do not fit snugly. 
Clinically, when resection is impractical, the 
procedure of insertion of a tube for provision 
of an airway through the diseased portion of 
trachea may be useful as a palliative oper- 
ation. 

4. Portions of the trachea consisting of 
the entire circumference and 1 to 2 inches 
(2.54 to 5.08 cm.) long may be removed from 
dogs and an airtight anastomosis with inter- 
rupted sutures performed with facility and 
speed over specially designed, molded poly- 
ethylene tubes. Ridges at the ends of the 
tube on the outside make unnecessary circular 
ligatures, which might result in necrosis and 
leakage. The intercartilaginous membrane 
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stretched over the ridge prevents leakage of 
air. 

5. Significant amounts of cartilage do not 
appear to form in the scar-tissue bridge be- 
tween ends of trachea if a gap is left at the 
time of anastomosis. It would probably be 
unsafe, therefore, to remove tubes in clinical 
practice if the ends of trachea were not fairly 
closely approximated Until other studies 
concerning methods of bridging the gap by 
surrounding the tube with various tissues and 
materials are completed, tubes should not be 
removed unless preparation is made for the 
insertion of a new tube if stridor develops 

6. Removal of the lower part of the trachea 


and bifurcation appears to be well tolerated 
by dogs, even though in our studies the right 
lung was removed also. It is possible that the 
coughing reflex is impaired by removal of the 
bifurcation and that, if the operation were 
performed clinically, patients should be in- 
structed to cough forcefully from time to 
time. 

7. Approximation of the ends of trachea 
after resection, or of trachea and bronchial 
stump after removal of the lower trachea 
and bifurcation, may be facilitated in dogs 
by the simple expedient of slight flexion of 
the neck. The same manipulation may be use- 
ful in clinical surgery of the trachea. 



CHAPTER 16 


Treatment of Benign Lung Tumors Including 
Pulmonary Cysts 

Viking Olov Bjork 


An increasing number of benign lung 
tumors are being diagnosed owing to mass 
radiography. There are two principles that 
apply to the treatment of all benign lung 
tumors. (1) They should all be removed by 
operation. (2) The operation must be con- 
servative, with preservation of as much normal 
lung tissue as possible. 

GENERAL PRINCIPLES OF TREATING 
BENIGN PULMONARY TUMORS 

Indications for Operation for Benign 
Lung Tumors 

The reasons for advocating removal of all 
benign neoplasms of the lung are: 

1. A lung tumor is proved to be benign 
only by microscopic examination. The x-ray 
appearance of a benign tumor cannot with 
certainty be distinguished from that of a malig- 
nant neoplasm. If, therefore, no biopsy can 
be obtained, the possibility always remains 
that a well-defined rounded tumor is a periph- 
eral bronchogenic carcinoma or, very rarely, 
a sarcoma. 

2. Certain benign tumors are potentially 
malignant. 

3. A slowly growing benign tumor may 
cause obstruction of a bronchus with bronchi- 
ectasis and infection behind the obstruction. 

4. A benign tumor may cause pressure on 
the heart, the great vessels, the esophagus, etc., 
thereby producing anatomic and functional 
disturbances. 

Technical Principles for Resecting Benign 
Pulmonary Tumors 

The main principle in the surgical treat- 
ment of benign lung tumors is to preserve as 


much functioning normal lung parenchyma 
as possible. As the tumor is benign, the ideal 
treatment is to remove only the tumor itself, 
with no lung tissue at all. This ideal can be 
achieved: 

1. By removing central bronchial tumors 
together with the infiltrated part of the bron- 
chial wall in one block and performing a 
plastic repair of the resulting defect in the 
bronchial wall. 

2. By enucleation resection of peripheral 
well-defined benign lung tumors. 

3. A minimum of lung tissue is sacrificed 
when a benign lung tumor is removed by 
wedge excision or by segmental or subseg- 
mental resection. 

Some of these conservative operations are 
more time-consuming than lobectomies or 
pneumonectomies, but every effort must be 
made to preserve functioning lung tissue. The 
removal of a benign Jung tumor can never 
in itself be an excuse for diminishing the pa- 
tient’s respiratory reserve to a degree where 
his activities are limited. 

Anesthesia 

Anesthesia for intrathoracic operations is 
discussed in Chapter 13. The technic of one- 
lung anesthesia, which is particularly suited 
for certain types of pulmonary tumors, is 
presented here. 

The flexible double-lumen catheter con- 
structed by Carlens for bronchospirometry 
has been used for one-lung anesthesia and 
continuous suction. It is considered ideal to 
prevent the “spilling over” of secretion dur- 
ing resection of “wet cases.” The catheter 
(Figure 16-1) is made of rubber of approxi- 
mately the same rigidity as an Ordinary ure- 
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Fig 16-1. Resection of benign tumor of lung. Diagram 
of the double-lumen catheter in position. Note the 
Small rubber hook that is automatically engaged by 
the carma 


thral catheter and is provided with a small 
hook that is automatically engaged in the 
canna. The inner diameter of each lumen is 
7 mm. in the catheter for men and 6 mm. in 
the one for women. The catheter is intro- 
duced under topical anesthesia. Its tip is 
curved so that it automatically enters the 
left main bronchus. It is then easy to feel 
when the rubber hook is engaged by the 
canna. After the cuffs are inflated, the an- 
esthesia and suction can be applied to each 
lung separately. In case of sudden mtrabron- 
chial hemorrhage from a detached tumor 
during operation, the double-lumen catheter 
may be lifesaving. 

Closure and plastic repair of the bronchus 
can be performed on the open bronchus 
without the use of bronchial clamps The 
bronchus can easily be inspected and a small 
suction catheter may be introduced in the 
bronchial branches, which may be of help for 
orientation in patients with bronchial abnor- 
malities. With the tube in place, a resection 
of the right lung, including the carina, can 
easily be carried out. The method has been 
used in more than five hundred cases. The 
advantages are best illustrated by the dia- 
grams (Figures 16-2, 16-3, 16-4, 16-5, and 



Fig 16-2. During the Incision, both lungs ore connected with the anesthesia machir 
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Fig. 16-5 Bronchial closure is mode on the open bronchus when the operated lung Is 
disconnected from the anesthesia moehine No bronchial clamp is used 



Fig. 16-6 After completion of the lobectomy, the remaining part of the right lung Is 
Bated after careful aspiration and the anesthesia is continued on both lungs. 



306 

16-6) showing a patient with a bronchial 
adenoma in the right upper-lobe bronchus 
with an abscess behind the obstruction. 

BENIGN CENTRAL BRONCHIAL 
TUMORS 

Pathologic Classification 
MESENCHYMAL BRONCHIAL TUMORS 

Benign bronchial tumors may contain pre- 
dominantly mesoblastic elements and are 
described under tbe names of chondroma, 
osteoma, fibroma, lipoma, fibrolipoma, angi- 
oma, myxoma, xanthoma, myoma, and myo- 
blastoma. These mesenchymal bronchial 
tumors are comparatively seldom encoun- 
tered in the mam bronchi and are, therefore, 
of little clinical importance. They rarely turn 
malignant, but a few cases of fibrosarcoma, 
myxosarcoma, and chondrosarcoma of the 
bronchus have been described. 

BRONCHIOMA 

Tumors containing all the elements of the 
adult bronchus, although with an abnormal 
admixture, i.e., bronchiomas, are rarely found 
in the main bronchi. Only a few cases have 
been found of endobronchial bronchiomas 
(including one case at the Sabbatsberg Hos- 
pital). This malformation is fairly common 
among peripheral benign tumors and will be 
described under that heading. 

ADENOMA 

Adenoma is the most common type of 
benign central bronchial tumor. This subject 
is discussed in Chapter 17. 

Clinical Features of Central Bronchial 
Tumors 

Cough is the language whereby the bron- 
chial tree complains of irritations from all 
causes. The most important first symptom is, 
therefore, the cough. 

Hemoptysis is a common symptom of 
bronchial angioma and adenoma. In the Sab- 
batsberg Hospital, 4S per cent of such pa- 
tients had hemoptysis. 

Dyspnea may occur when the tumor is 
stenosing the bronchus, causing interference 
with air exchange. The onset of dyspnea is 
usually gradual and often seems out of pro- 
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portion to the degree of the associated atelec- 
tasis. 

The duration of symptoms before tbe diag- 
nosis is established is long. In bronchial 
adenoma an average delay of 8.4 months oc- 
curred. In the Sabbatsberg Hospital material, 
the duration of symptoms before a diagnosis 
of benign bronchial tumor was established wa$ 
as follows (Carlens) : 


Duration of 

symptoms 

in years 0-1 1-z 2-3 3-5 5-11 11-16 
Number of 

patients 22 8 4 (l tt 3 

Treatment of Benign Bronchial Tumors 
TREATMENT BY BRONCHOSCOPY 
Radical Treatment 

Benign tumors situated in one of the main 
bronchi may be radically removed by bron- 
choscopy if they are pedunculated. Bron- 
choscopic removal of a submucous lipoma 
from the bifurcation of the trachea (Kernan) 
and of a pedunculated lipoma from the left 
main bronchus (Vinson and Pembleton [521) 
has been reported. Fibrolipomas have also 
been removed by bronchoscopy (Myerson, 
Jack son, and Jackson, and McGlade), Sur- 
prisingly enough, a fibrosarcoma of the bron- 
chus has been bronchoscopically removed 
(Pollack, Cohen, Borrone, and Gnassi), the 
patient being well after more than six years. 
Davidson [30] reported a patient with a 
pedunculated chondroma of the bronchus 
removed by bronchoscopy. 

A radical removal of a bronchial adenoma 
by bronchoscopic electrocoagulation will 
rarely be possible, as 80 per cent of the 
tumors have a peribronchial extension. It is 
impossible to determine the exact size of 
this extrabronchial part of the tumor by x-ray 
examination, although lammagraphic studies 
may give some information. The only indica- 
tion for an attempt at radical endoscopic 
removal is in the very rare cases where the 
tumor is entirely within the bronchus, at- 
tached by a long, slender pedicle. These pa- 
tients are then bronchoscoped at intervals, 
and the most reliable test that the neoplasm 
has been completely eradicated is the absence 
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of tumor cells in biopsy specimens from the 
bronchial wall at the point of attachment of 
the tumor. 

The majority of bronchial adenomas should 
not be treated solely by bronchoscopic 
methods (see Chap. 17). 

Palliative Treatment by Bronchoscopy 

Palliative treatment of bronchial tumors by 
bronchoscopy is indicated in an aged indi- 
vidual who is not a reasonable surgical risk. 
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tumor and make the lung as dry as possible 
before operation. 

2. To make possible an exact localization 
of the attachment of the tumor to the bron- 
chial wall. 

3. To permit bronchographic demonstra- 
tion of the irreversible damage to the distal 
portion of the lung as a result of prolonged 
bronchial obstruction. 

4 To make the lung deflatable during an 
operation. An obstructed lung may be dis- 



Palliative bronchoscopic treatment may also 
be indicated in some patients when the tumor 
involves the trachea, the Carina, or both main 
bronchi 

Preoperative Treatment by Bronchoscopy 
In cases where a benign tumor is obstructing 
one main bronchus, a bronchoscopic clearing 
of the bronchus preoperatively is indicated 
for several reasons: 

1. To improve drainage of the secretion 
and infected material dammed up behind the 


tended, rendering the operation difficult owing 
to diminished operative space. One patient is 
reported (Massachusetts General Hospital 
Case 24202) to have died of massive hemor- 
rhage from the base of the tumor (fibrosar- 
coma), which caused complete obstruction of 
the right bronchus and was detached from Us 
base during an attempt to deflate the distended 
obstructed lung during operation. 

The preoperative bronchoscopic clearing of 
the airways will improve the patient’s gen- 
eral condition by improved drainage and 
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aeration of atelectatic parts. Furthermore, in 
some cases a more conservative operation 
may be used after preoperative bronchoscopic 
treatment. Figures 16-7, 16-8, and 16-9 il- 
lustrate this advantage. 

TREATMENT BY BRONCHOTOMY 
The direct opening of a major bronchus 
may sometimes be necessary to remove a pc- 



Fig 16-8 Bronchograph after thirteen preoperati*e 
bronchoscopic electrocoagulation treatment* that identi- 
fied the origin of the tumor thown in Figure 16-7 
(Compare with Figure 16-7 left) 

dunculatcd tumor that cannot be extracted by 
bronchoscopy. One case of pedunculated 
bronchioma in the left main bronchus was 
excised through a bronchotomy by Husfeldt 
[20]. One-lung anesthesia with the double- 
lumen catheter will greatly facilitate the pro- 
cedure. The exploratory incision is made 
through the noncartilaginous posterior wall 
when possible. Excision and exact hemostasis 
of a pedunculated tumor or of a hemangioma 
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may be performed. The bronchus is closed 
by cdgc-to-cdgc approximation with inter- 
rupted sutures of fine catgut. Even if the 
cartilaginous wall is to be sutured, sutures of 
fine catgut are preferred. By covering the 
suture with a pleural flap, air leakage is pre- 
vented. Postoperative suction is maintained 
through an intercostal catheter. 

TREATMENT OF CENTRAL BRONCHIAL 
TUMORS BY LOCAL RESECTION OF 
BRONCHIAL WALL WITH THE TUMOR 
The ideal treatment in the early cases of 
benign central tumors is to preserve all lung 
parenchyma, only removing the infabronchia! 



f'.g 16-9. Diogrom of the nieefed right lower and 
middle lobe including the carina and a small region of 
the left moin bronchus. (Same patient as in Figures 16-7 
and 16 8) 

and extrabronchial part of the tumor in one 
block together with the infiltrated part of the 
bronchial wall, performing a plastic repair 
of the resulting defect in the wall. 

In most patients with bronchial tumor 
(adenomas) it is necessary to perform a lob- 
ectomy, owing to the long-standing bronchial 
obstruction causing bronchiectasis. But in 
early cases, when the changes behind the 
tumor are reversible, the following treatment 
should be considered as giving the best func- 
tional result and preserving lung parenchyma: 

I. If the tumor is large, causing atelectasis, 
most of the intrabronchial portion of the 
tumor should be electrocoagulated, giving a 
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free air passage with re-expansion of the 
atelectatic part of the lung, if possible, and 
drainage of accumulated secretion. The base 
of the tumor can then be clearly visualized 
and localized and the condition of the lung 
distal to the tumor can be investigated. 



Fig 16-10 Diogrom of an adenoma obstructing the 
right moln bronchus, which reached the level of the 
carlna before electrocoagulation 

2. After some weeks the mtrabronchial 
and extrabronchial part of the tumor some- 
times can be removed in one block together 
with the infiltrated part of the bronchial wall. 
The defect m the bronchial wall can be re- 
paired by suture of the edges end to end. If 
the defect is too large, a plastic repair with 
fascia lata or skin graft may be performed 
The suture line should be covered by a pleural 
flap. 



Fig 16*11. Adenoma obstructing the right main bronchv 
bronchial woll of tho patient shown in Figure 16-10. 


3. The scar of the suture line in a bron- 
chial wall has a great tendency to shrink, 
causing a stricture. It is therefore necessary 
to follow the patient postoperatively, with 
dilatation through the bronchoscope if a scar 
develops, or the removal of granulomatous tis- 
sue. These dilatations could start one month 
after the operation and ought to be performed 
at weekly intervals in the beginning. When the 
tendency to shrink has ceased, the bronchial 
lumen will remain unchanged. 

In some cases it is possible to do the local 
excision of the tumor without previous elec- 
trocoagulation. Figures 16-10 and 16-11 dem- 
onstrate such an instance in a twenty-one- 
year-old male whose bronchial tumor was 
treated by preliminary electrocoagulation that 
was followed by excision of the bronchial 
wall with extrabronchial part and the remain- 
ing mtrabronchial part of the tumor in one 
block. The defect m the bronchial wall was 
sutured and thus the functioning tissue of 
the whole right lung was preserved (Figure 
16-11). 

TREATMENT BY LOBECTOMY AND 
PNEUMONECTOMY 

Lobectomy and pneumonectomy are still 
the procedures of choice in the great major- 
ity of patients when there has been irreversible 
damage to the distal portion of the lung as a 
result of a prolonged bronchial obstruction. 



s. Diogrami demonstrating repair of the defect in the 
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In the Sabbatsbcrg material, nineteen pa- 
tients had a pneumonectomy and twenty-three 
a lobectomy. Adjacent mediastinal nodes 
should also be removed for adenoma, as they 
occasionally are involved. 

BENIGN PERIPHERAL LUNG TUMORS 
Pathologic Classification 
MESENCHYMAL TUMORS 

Benign peripheral lung tumors may be 
mesenchymal: chondroma, fibroma, lipoma, 
fibrolipoma, angioma racemosum, myxoma, 
myoma, and xanthoma. They rarely turn 
malignant, and the most conservative oper- 
ation has to be performed. 

BRONCHIOMA 

Bronchioma, earlier called chondroma, 
hamartoma, or hamartoma chondromatosum 
pulmonis, only recently and owing to mass 
radiography has become a common periph- 
eral lung “tumor." More than one hundred 
cases have been reported. Bronchiomas may 
be considered as congenital malformations. 
They occur at all ages and have been found 
in a newborn infant. 

There has been much discussion in the 
literature about the terminology. Most often 
the name chondroma has been applied 
(Hickey and Simpson [36], Klages, and 
others), but they are not pure cartilaginous 
tumors and chondroma is, therefore, not an 
adequate term. The term “hamartoma” was 
coined by Albrecht in 1904 with the follow- 
ing definition: “Hamartomas are tumorlike 
malformations in which occurs only an ab- 
normal mixing of the normal components of 
the organs. The abnormality may take the 
form of a change in quantity, arrangement 
or degree of differentiation, or may comprise 
all three.” Since Albrecht’s description of the 
general group of hamartomas, this term has 
been adopted by Goldsworthy; McDonald, 
Harrington, and Clagett, Simon and Ballon, 
and others. Womack and Graham [55], how- 
ever, suggested that all the pulmonary tumors 
that supposedly arose from the failure of 
embryonic bronchial buds to develop into 
normal structures should be designated as 
“mixed tumors of the lung.” They should not 
be regarded as true teratomas. 
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Reviewing the fact that these tumors con- 
stitute a bronchial complex, with representa- 
tives of all the histologic elements contained in 
mature bronchi, the only logical term is 
bronchioma, which has been adopted at the 
Crafoord Clinic, where we have studied nine 
such patients. 

Bronchioma may occur anywhere in the 
lung, but most commonly is found in the pe- 
riphery beneath the pleura, sometimes at- 
tached to the pleura by a pedicle. Very few 
cases of endobronchial bronchiomas have been 
described. 

The size may vary; the tumor may be as 
small as a bean or fill the entire thorax. The 
color is whitish and on palpation the growth 
is firm and hard, round or lobulated, and sur- 
rounded by normal lung. Only when occur- 
ring in direct relation to a bronchus, the 
growth is rather fixed; otherwise, it is without 
attachment to the lung and surrounded by a 
fine capsule of loose connective tissue. There 
is usually a compression atelectasis of the 
adjacent lung tissue. 

Bronchiomas are benign and no metastases 
have been reported. One case of malignant 
degeneration (hamartoma osteochondroma- 
tosum pulmonis malignum) showing consider- 
able cellular variations and invasion into medi- 
astinal fatty tissue has been described. 

ADENOMA 

Bronchial adenomas were earlier consid- 
ered to arise invariably in one of the larger 
bronchi. They may, however, occur in smaller 
bronchi not visible bronchoscopically, when 
they cannot preoperatively be distinguished 
from other peripheral benign lung tumors (see 
Chap. 17). 

Clinical Features of Benign Peripheral 
Lung Tumors 

Most of the benign peripheral lung tumors 
give no symptoms. Since the employment of 
mass radiography, an increasing number of 
benign silent lung tumors have been observed. 
No histologic diagnosis can be achieved be- 
fore the operation. The roentgenographic 
shadow may represent a peripheral broncho- 
genic carcinoma, a metastatic tumor, ade- 
noma, bronchioma, mesenchymal tumor, 
tuberculoma, or a fiuid-containing cyst. If 




calcification is found, the tumor is probably 
a bronchioma, a tuberculoma, or an echino- 
coccus cyst. 

As a peripheral carcinoma cannot be ex- 
cluded with certainty (23 per cent of all 
bronchiogenic carcinomas have the appear- 
ance of a well-defined rounded shadow), the 
treatment in all such patients is operation. A 
biopsy for frozen section of the tumor is ob- 
tained during operation and the resection is 
carried out as conservatively as the micro- 
scopic diagnosis will permit. 



Treatment of Benign Peripheral Lung 
Tumors 

TREATMENT BY ENUCLEATION 
RESECTION 

Enucleation resection is an operation in 
which the tumor is removed without sacri- 
fice of lung tissue The functional result, there- 
fore, is the best possible. Enucleation resec- 
tion should be considered in benign peripheral 
lung tumors without secondary lung damage, 
especially if the tumor is a bronchioma. In 
other cases, a segmental resection is most 
often preferred 

Bronchiomas are most suitable for enuclea- 
tion, but other benign tumors may also be 
treated this way. (A case of xanthoma and 
one of peripheral bronchial adenoma are 
presented in Figures 16-12 through 16-17). 
Frozen sections of the tumor should be ex- 
amined microscopically immediately, so that 
the nature of the tumor can be determined 
without question. If the neoplasm proves to 
be a sarcoma, a lobectomy is carried out; if 
a carcinoma is found, a lobectomy or pneu- 
monectomy is performed. 

Enucleation resection was outlined by Borc- 
Hus in 1915 (I5J. In a forty-year-old woman 
an accidental x-ray showed a well-defined 
rounded shadow in the left lower lobe, the 
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Fig 16-14 Photomicrograph of ttoined i/ide of the 
xanthoma Jo Figure! 16-12 and 16-13 showing xanthoma 
cell* ditferrded with lipoid droplets, giant ee||j, and 
deposit of blood pigment. Although it wai O benign 
tumor, postoperative hemorrhage killed the patient. 


Infrathoracic Tumorj 
size of an orange. An incision was made 
through the lung parenchyma over the tumor 
(a bronchioma), which was easily enucleated. 
A considerable hemorrhage was encountered 
and controlled. The incision in the lung was 
sutured in layers, and recovery was unevent- 
ful. 

This technic has been improved by Cra- 
foord. In order to obtain a bloodless oper- 
ative field, the artery, the vein, and the 
bronchus with the bronchial arteries to the 
involved lobe arc dissected free and clamped 
with noncrushing forceps. Before the bron- 
chus is clamped, the lung is rendered atelec- 
tatic, which is easily accomplished when one- 
lung anesthesia is used. The atelectatic lung 
tissue is then incised over the tumor. Large 
vessels in the wound can be dissected free 
and retracted out of the way, and the tumor 
is enucleated. Then the small vessels are care- 
fully taken with hemostats and tied, and 
bronchial branches, opened when the lung is 
incised, are sutured or clamped and tied. A 
meticulous ligation of all bleeding points is 
essential in this technic. If a small artery is 
overlooked, causing hemorrhage into the 
bronchial tree, this may be fatal. (This hap- 
pened in a case in which a neurofibroma was 
enucleated from the left lower lobe.) After 
the enucleation, the clamps arc removed and 



Fig 16-15 Bronchioma of the left upper lohe treated by enucleation rejection (poileroontetlar and ioterat view*). 
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fig 16-16 BroneKioma of tha left upper lobe (lame patient a* in 
Figure 16-15) Two month* after the operation a small hematoma u 
still visible. At a later date the roentgenogram* were normal. 



F'9 16-17. Photomicrograph *Howing typical histologic 
pottern of bronchioma with cartilage, connective tissue, 
and columnar epithelial cells. 


any further bleeding points are ligated and 
openings into the bronchial tree sutured. The 
lung is then usually sutured tn layers to pre- 
vent the formation of a hematoma where the 
tumor was situated. In spite of these deep 
sutures, a hematoma will most often develop 
after the operation. Then the x-ray after the 
operation is very similar to the one before 
the enucleation. After some months, however, 
the hematoma will have been absorbed. 
Therefore, in some cases no suture of lung 
tissue has been performed after the enuclea- 
tion. The incision in the lung tissue has been 
left open in order to facilitate the drainage 
and absorption of serum and blood accumu- 
lated in the space after the enucleation of 
the tumor. The aftercourse has been unevent- 
ful in these cases, and deep sutures for ap- 
proximation are no longer used. The more 
anatomic subsegmental resection is, however, 
preferred. 

TREATMENT BY WEDGE EXCISION 

Wedge-shaped local excision is used in 
small peripheral benign lung tumors that arc 
not sufficiently well demarcated from the 
surrounding lung parenchyma to permit an 
enucleation. In such cases (usually a mesen- 
chymal tumor or a tuberculoma) the decision 
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has to be made if the more anatomic pro- 
cedure of segmental or subscgmcntal resection 
is to be preferred (which is usually the case) 
to the wedge excision. If the tumor is small 
and situated subplcurally, and it is difficult 
to determine with certainty which segment is 
to be removed, the excision of a small wedge- 
shaped section from the peripheral portion 
of a lobe is preferred. 
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will provide an airtight and hemostatic 
closure. An approximation of the cut edges 
may sometimes be added. 

TREATMENT BY SEGMENTAL OR 
SUBSEGMENTAL RESECTION 
A segmental or subscgmcntal resection is 
the treatment of choice in most benign pe- 
ripheral lung tumors. On the preoperativc 
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old woman. There was no fissure between the 
upper lobe and the apical segment of the 
lower lobe. Therefore, a segmental resection 
of the posterior segment of the upper lobe 
was performed, although a resection of the 
lateral subsegment would have been suffi- 
cient. The recovery was uneventful. 

The segmental bronchus is identified, iso- 
lated, and divided before the artery is divided, 
whenever possible. As few veins as 
possible are ligated at the hilar level. The 
proper segmental plane for dissection is dis- 
closed as soon as gentle traction is applied 
upon the divided segmental bronchus and 
artery. In this plane the small venous trib- 
utaries empty into the mam intersegmental 
vein, which is followed during the dissection. 
The larger tributaries may be clamped and 
even the smaller vessels may be clamped be- 
fore they are torn across at their junction 
with the intersegmental vein, which is easily 
visible on the raw surface of the residual 
segments. The preservation of this vein is 
important; otherwise a passive congestion 
may occur in the segments left behind. If 
by frozen section the tumor proves to be a 
carcinoma, the lobe or lung must be removed. 

TREATMENT BY LOBECTOMY 
AND PNEUMONECTOMY 

Lobectomy and pneumonectomy are rarely 
used in treating benign peripheral lung 
tumors. However, if the tumor is large, with 
secondary disease in the lung tissue, this more 
extensive resection has to be done. In cases 
with sarcomatous degeneration in a mesen- 
chymal tumor, a lobectomy will prove to be 
radical enough in nearly all patients, as the 
lymphatic system is not involved. 

BRONCHOGENIC CYSTS 
Pathology of Bronchogenic Cysts 

Bronchogenic cysts possess an epithelial 
lining consisting of columnar or cuboidal 
cells that may or may not be ciliated. This 
lining may be smooth and regular or ir- 
regular and trabcculated. The walls of the 
cyst contain fragments of bronchial elements 
such as cartilage, smooth muscle, clastic tis- 
sue, and mucous glands in an irregular ar- 
rangement. These cysts may be single or mul- 


tiple; they may or may not communicate 
with a bronchus. 

Bronchogenic cysts may be congenital in 
origin, arising from an accessory bronchial 
bud. If the cysts appear in early infancy, if 
they are associated with anomalous blood 
vessels (large arteries may go from the aorta 
above or below the diaphragm to the cystic 
region), if they are associated with acces- 
sory or aberrant lobes of the lungs, if they 
occur between lobes or in the mediastinum 
near or attached by a stalk to the bifurcation 
of the trachea or to a mam bronchus, they 
are considered to be congenital. If none of 
these criteria is found, it is difficult or im- 
possible to determine if the cyst is develop- 
mental or acquired. Examples of acquired 
bronchogenic cysts are pulmonary abscesses 
with epithclization, or a cystic lobe behind 
a bronchial adenoma (sometimes called “cys- 
tic” bronchiectasis) . 

Clinical Features of Bronchogenic Cysts 

Bronchogenic cysts may remain clinically 
dormant for indefinite periods, whether they 
have bronchial communication or not. Symp- 
toms may first arise from secondary pul- 
monary changes such as bronchiectasis, which 
are very often associated with pulmonary 
cysts. There is usually some complicating 
factor causing the symptoms. The most com- 
mon complication is infection with sup- 
puration, causing cough and expectoration, 
usually following an acute respiratory infec- 
tion with an attack of fever. 

Hemoptysis is a common symptom and 
may vary from exsanguinating hemorrhages 
to blood-stained sputum. 

Dyspnea may be extreme and due to a 
small or angulatcd communication between 
the cyst and the respiratory tract, with a 
valvelike mechanism so that on inspiration 
the air is drawn into the cyst and on expira- 
tion the air cannot escape Thus, a positive 
pressure can be built up in the cyst, which 
becomes greatly distended, compressing ad- 
jacent lung tissue and dislocating mediastinal 
organs to the opposite side. This complication, 
as well as rupture of the cyst into the pleural 
cavity with resultant tension pneumothorax 
and empyema, may cause dyspnea, pain, 
dysphagia, stridor, or palpitation. 
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Diagnosis of Bronchogenic Cysts 

The x-ray features arc most important in 
the diagnosis of bronchogenic cysts. If the 
cyst contains fluid, the x-ray picture may sug- 
gest inflammatory consolidation, atelectasis, 
empyema, or even solid tumor. When the cyst 
contains air, with or without a fluid level, it 
must be differentiated from an emphysema- 
tous bulla, loculated pneumothorax, pul- 
monary abscess, tuberculous cavitation, 
bronchogenic carcinoma, mediastinal tumor, 
and diaphragmatic hernia. The diagnosis is 
more difficult when pulmonary tuberculosis 
or bronchogenic carcinoma coexists with 
cystic disease of the lungs. A number of these 
patients have spent long periods in sanatoria. 
A few cases have been described in which a 
bronchogenic carcinoma developed within a 
pulmonary cyst (Graham and Womack; 
Moersch and Clagett). 

Bronchoscopy must be performed, to ex- 
clude a bronchial neoplasm or stenosis as 
the cause of the cystic disease. 

Bronchography is of value to demonstrate 
the commonly coexisting bronchiectasis. 
Furthermore, bronchoscopy and bronchog- 
raphy will demonstrate any bronchial ab- 
normality that often is present in patients 
with congenital cysts. It may be of great 
importance to know of this abnormal bron- 
chial anatomy before the operation. 

Treatment of Bronchogenic Cysts 

The treatment of all bronchogenic cysts is 
extirpation. At the time of operation some 
complication usually exists. In the very few 
cases in which the cyst is attached by a nar- 
row pedicle or loosely to the parenchyma of 
the lung, a local excision will be possible. In 
most cases of bronchogenic cyst a lobectomy 
is the treatment of choice Segmental resec- 
tion or pneumonectomy must also be con- 
sidered in a few cases owing to localization 
and distribution of the cystic disease. Atten- 
tion must be paid to the commonly existing 
abnormal arteries going to the cystic region, 
as these may be of considerable size. 

ALVEOLAR CYSTS OF THE LUNG 
Pathology of Alveolar Cysts 

The lining of alveolar cysts is composed 
of fibrous tissue and alveolar cells. These 
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cysts are acquired, and may be localized sub- 
pleural blebs or bullae, or part of a more gen- 
eralized emphysema. Blebs are formed by 
the rupture of an alveolus directly beneath 
the pleura, with the escape of air into the 
areolar layer of the pleura. The air separates 
this areolar layer and the pleura from the 
underlying alveoli, and the extension of air 
may continue until arrested by some lobular 
septa. A bulla, on the other hand, results 
from the rupture of one alveolus into adjoin- 
ing alveoli. With continued accumulation of 
air, a large air sac may form, compressing 
adjacent alveoli and stretching the pleura 
tightly over the expanding bulla. It may not 
be possible to distinguish large bullae and 
blebs grossly or microscopically and such a 
distinction is unimportant. 

Localized blebs and bullae develop sec- 
ondary to the production of a valvelike mech- 
anism in the terminal bronchiole, often owing 
to scarring of the lung and pleura from old, 
healed tuberculosis. The fibrosis or a torsion 
on a terminal bronchiole acts as a valvelike 
mechanism, with trapping of air and disten- 
tion of the alveolus. Edema of the mucosa of 
the bronchiole allows air to enter but its 
narrowed diameter during expiration may be 
sufficient to prevent the escape of the air. 

Blebs or bullae may be part of a more gen- 
eralized emphysema. Then the walls between 
the alveoli are destroyed so that several 
alveoli communicate to form one large air 
space. The amount of pulmonary capillaries 
is reduced, which in pronounced emphysema 
will result in arterial oxygen deficit. At that 
stage there is often found a hypertension in 
the pulmonary artery. 

One of these emphysematous blebs or bul- 
lae may occupy an entire hemithorax. Much 
of the lung may be replaced by these giant 
bullous cysts, and the rest is compressed by 
them. 

Clinical Features of Alveolar Cysts 

The two most common symptoms of al- 
veolar cysts are dyspnea and spontaneous 
pneumothorax. Infection and hemorrhage do 
occur but not as frequently as in broncho- 
genic cysts. 
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Diagnosis of Alveolar Cysts 
The diagnosis is made roentgenographi- 
cally. The cyst appears as an area of de- 
creased density with a fine border traversed 
by fine linear shadows indicating trabeculae 
within the cyst. A cyst of large size may be 
misinterpreted as a tension pneumothorax. 
The hilar shadow is generally elongated and 
areas of compressed lung may be seen over 
the diaphragm or in the apex. The intercostal 
spaces may be widened. Bronchography will 
demonstrate eventual bronchiectasis. 

Treatment of Alveolar Cysts 

Emphysematous blebs or bullae come to 
treatment when they are large enough to give 
symptoms or when they rupture, causing 
spontaneous pneumothorax. 

The ideal treatment of giant cysts is local 
excision of the cyst wall, closing the bron- 
chiolar orifices. In some cases only the lung 
parenchyma adjacent to the cyst need be 
sacrificed. The lung is re-expanded by suc- 
tion drainage after the operation. If the cyst 
is complicated by bronchiectasis, a lobectomy 
or segmental resection must be performed 

If the blebs or bullae are part of a more 
generalized emphysema, only the compli- 
cation of spontaneous pneumothorax is 
treated. These cases need careful physiologic 
investigation, including bronchospiromctry, 
arterial oxygen determination, and heart 
catheterization. The prognosis of the emphy- 
sema is not too good, and the patient’s res- 
piratory function must not be impaired by the 
treatment 

Acute spontaneous pneumothorax is treated 


by bed rest and adjustment of the pleural 
pressures to permit a gradual re-expansion 
of the lung. If the lung fails to expand after 
the acute attack of spontaneous pneumo- 
thorax, this may be due to intrapleural ad- 
hesions, to ruptured bronchogenic cysts, to 
scar tissue in a bronchiole, or to a visceral 
pleural membrane. When after medical 
treatment for a short period the lung remains 
collapsed, more active therapy has to be 
instituted. 

Thoracoscopy is performed for diagnostic 
purposes; and when stringlike adhesions are 
present, these are divided with the cautery to 
relax the tension on the lung and permit 
rapid healing of the pulmonary rent with 
rc-expansion. Artificial pleurodesis by the in- 
troduction of silver nitrate (Brock) or talc 
powder (Blades) may prevent further pneu- 
mothorax, but may also cause a fixation of 
the diaphragm, with impaired pulmonary 
function, and is not recommended as a 
routine procedure. 

Open thoracotomy is the procedure of 
choice. Then a complete pneumolysis is per- 
formed, the pulmonary rent is closed, the 
emphysematous bleb or bulla is resected and, 
if necessary, a decortication of the lung is 
performed to allow re-expansion. The re- 
section may be limited to the cjst responsible 
for the pneumothorax and other peripheral 
large cysts or bullae that might rupture. An 
attempt to remove all blebs and bullae will 
often prove impossible without lobectomy or 
pneumonectomy. This is usually contrain- 
dicated in these frequently bilateral cases, 
where the conservation of pulmonary tissue 
is most important. 
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Bronchial adenoma is the most provocative 
of the endobronchial tumors. It has been con- 
sidered both malignant and benign [2, 4, 6, 7j; 
its microscopic appearance is varied; its clin- 
ical picture varies from a tickling cough to 
a suffocating asthma; and its treatment in- 
cludes both pneumonectomy and simple 
bronchoscopic removal. The combined ex- 
perience of pathologists, physicians, and sur- 
geons is still insufficient for there to be com- 
plete unity of attitude on these tumors, but 
the majority of surgeons who treat them are 
decidedly in favor of resection therapy when- 
ever it is technically possible. 

The combined reported experience of these 
tumors is about one thousand cases. Until re- 
section therapy was generally accepted, it was 
difficult to evaluate the pathologic material 
accurately, since by endoscopic methods the 
tumor was removed in small pieces rather 
than en masse 

The typical bronchial adenoma arises 
within the wall of a major or segmental 
bronchus. When viewed bronchoscopically, 
it is covered by bronchial mucosa and only a 
small part of it may be visible withm the 
lumen. The major portion may be and usually 
is extrabronchial. 

Some confusion exists as to which bron- 
chial neoplasms should be included m the term 
“bronchial adenoma." Because of the multi- 
plicity of cytologic tumor types that have 
the same general structure and behavior, it 
seems convenient to apply the term “bron- 
chial adenoma” to all endobronchial neo- 
plasms that are not frank bronchogenic 
carcinoma. 


If such an all-inclusive classification is 
made, bronchial adenomas must be consid- 
ered to be both benign and malignant, al- 
though their malignant nature is more poten- 
tial than actual. The natural history of these 
tumors is long, compared to that of the com- 
mon carcinomas; yet they do occasionally 
metastasize to the regional lymph nodes or 
to distant organs such as the liver and brain, 
late in the course of the disease. Because 
adenomas are rarely found in general autopsy 
material [22], it has been assumed that in a 
few cases degeneration occurs or a malignant 
neoplasm arises in a bronchial adenoma of 
long standing. 

SITES OF ORIGIN OF BRONCHIAL 
ADENOMAS 

The primary sites of these tumors have 
been well demonstrated by clinical experience 
and pathologic study. They arise in the tra- 
chea, main bronchi, or proximal portions 
of segmental bronchi. In most instances, 
some portion of the tumor may be seen at 
bronchoscopic examination. In a few cases, 
ail the tumor seems to be within the lumen 
of the tracheobronchial tree, attached by a 
small pedicle; while in others the tumor has 
a broad base and protrudes into the lumen 
for a relatively short distance in comparison 
to its extrabronchial extension. 

MICROSCOPIC HISTOLOGY OF 
BRONCHIAL ADENOMAS 

The bronchi and trachea are composed of 
a variety of tissues of endodermal and mesen- 
chymal origin: ciliated and cuboidal epithe- 
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hum, serous and mucous glands, smooth 
muscle, cartilage, and fibrous connective tis- 
sue. During the development of these struc- 
tures, blood vessels and nerves grow into the 
trachea and the bronchi to become an integral 
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(3) mixed tumors, (4) mesodermal tumors, 
(5) simple adenomas. Carcinoids, cylin- 
dromas, and mixed tumors have been ob- 
served to metastasize more commonly than 
the others.* 

The distinguishing characteristics of the 
bronchial adenoma, then, are its occurrence 
within a known range of the endobronchial 
tree, its slow growth, and the fact that its 
intrabronchial extension may be minimal 
compared with its total size, and that the 
regional lymph nodes may be the foci of 
metastascs. 

CLINICAL FEATURES OF BRONCHIAL 
ADENOMAS 

The incidence of bronchial adenoma as to 



Fig 17-1. a Roentgenogram of the chest showing almost total atelectasis of the left lung due to an adenoma 
b. (A) Intrabronchial and extrabronchial components of the bronchial adenoma, (B, C) line of resection for surgical 
extirpation of the adenoma, (D) closure of the bronchus c Roentgenogram of the chest twelve years postoperatively 


part of the organs. Therefore, it is not sur- 
prising to discover a tumor whose cytologic 
type may have been derived from one or 
more of these basic tissues [5, 17] 
Consideration of the cell types is impor- 
tant from the prognostic point of view. There 
are five basic common types of bronchial 
adenomas (1) carcinoids, (2) cylindromas. 


* IIditoi’ al Xote Adenomas of the carcinoid 
variety may produce the typical carcinoid syn- 
drome associated with the release of excessive 
amounts of serotonin This syndrome consists of 
protracted flushes, diarrhea, and cardiac valvuli- 
tis The diagnosis can usuatly he made by noting 
an increase of urinary excretion of 5-hydrox.y- 
mdoteacetic acid Iteports of the carcinoid syn- 
drome resulting from either a localized bronchial 
adenoma or from metastases from a bronchial 
adenoma of the carcinoid type have appeared in 
the recent literature [15, 1C, 13] 
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perience of pathologists, physicians, and sur- 
geons is still insufficient for there to be com- 
plete unity of attitude on these tumors, but 
the majority of surgeons who treat them are 
decidedly in favor of resection therapy when- 
ever it is technically possible. 

The combined reported experience of these 
tumors is about one thousand cases. Until re- 
section therapy was generally accepted, it was 
difficult to evaluate the pathologic material 
accurately, since by endoscopic methods the 
tumor was removed in small pieces rather 
than en masse 

The typical bronchial adenoma arises 
within the wall of a major or segmental 
bronchus When viewed bronchoscopically, 
it is covered by bronchial mucosa and only a 
small part of it may be visible within the 
lumen. The major portion may be and usually 
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Some confusion exists as to which bron- 
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“bronchial adenoma.” Because of the multi- 
plicity of cytologic tumor types that have 
the same general structure and behavior, it 
seems convenient to apply the term “bron- 
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plasms that are not frank bronchogenic 
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If such an all-inclusive classification is 
made, bronchial adenomas must be consid- 
ered to be both benign and malignant, al- 
though their malignant nature is more poten- 
tial than actual. The natural history of these 
tumors is long, compared to that of the com- 
mon carcinomas; yet they do occasionally 
metastasize to the regional lymph nodes or 
to distant organs such as the liver and brain, 
late in the course of the disease. Because 
adenomas are rarely found in general autopsy 
material [22], it has been assumed that in a 
few cases degeneration occurs or a malignant 
neoplasm arises in a bronchial adenoma of 
long standing. 

SITES OF ORIGIN OF BRONCHIAL 
ADENOMAS 

The primary sites of these tumors have 
been well demonstrated by clinical experience 
and pathologic study. They arise in the tra- 
chea, mam bronchi, or proximal portions 
of segmental bronchi. In most instances, 
some portion of the tumor may be seen at 
bronchoscopic examination. In a few cases, 
all the tumor seems to be within the lumen 
of the tracheobronchial tree, attached by a 
small pedicle; while in others the tumor has 
a broad base and protrudes into the lumen 
for a relatively short distance in comparison 
to its extrabronchial extension. 

MICROSCOPIC HISTOLOGY OF 
BRONCHIAL ADENOMAS 

The bronchi and trachea arc composed of 
a variety of tissues of endodermal and mesen- 
chymal origin: ciliated and cuboidal cpithe- 
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Endoscopic Removal of Pulmonary 
Adenomas 

The hazards of endoscopic removal are 
hemorrhage, stenosis, and recurrence of the 
tumor. 


321 

slouchs, a fatal hemorrhage may occasionally 
ensue [9]. 

Stenosis, moderate to severe, is always pres- 
ent after endoscopic removal of all except 
the rare pedunculated tumors. A partial 



17 2 (Conld ) « (A) Intrabronchia! and exlrabronehial tumor; (B.C) fine of excision for surgical removal 
of the tumor. (D) bronchio! closure d Chest x ray eighteen months postoperative!/. 


Hemorrhage at the time of removal of the 
adenoma can usually be controlled by mod- 
ern electrocoagulating instruments, but seven 
to ten da)s later, when the cauterized tissue 


stenosis interferes with ventilation and the 
cleansing mechanism of the lung distal to the 
stricture. At the level of the cauterization the 
ciliated epithelium is lost and bronchial peri- 
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the lung in that adenomas arc slightly more 
common in women than in men, and are 
discovered in the third and fourth decades 
of life. 

The symptoms vary from a tickling cough 
to a fatal hemoptysis, but are usually those 
of pulmonary suppuration. When the tumor 
becomes engorged and touches the adjacent 
or opposite bronchial wall, cough is produced. 



This may precipitate severe paroxysms of 
coughing through change in the size of the 
bronchial lumen Occasionally a small ulcer- 
ation m the mucosa occurs, with a resulting 
alarming hemorrhage from the vascular zone 
just beneath the epithelium. These ulcerations 
have a tendency to heal rapidly. As the tumor 
enlarges within the lumen, bronchial occlu- 
sion and its sequelae occur. 

The diagnosis is suggested first by the 
chronicity of the symptoms, but bronchoscopy 
usually demonstrates a pink, smooth, pedun- 
culated or rounded tumor, which often oc- 
curs at bronchial spurs. 

Biopsy is often misleading, because the 
small piece of tissue removed may include 
only the norma! surface epithelium and thick- 
ened capsule, without identifying tumor cells. 
In biopsy of carcinomas, given endobronchial 


tumors of similar size, positive diagnosis is 
the rule. For this reason, tissue diagnosis is 
not essential, but bronchoscopic observation 
is of paramount importance. 

Roentgenograms may show the extra- 
bronchial extension or the result of partial 
or complete obstruction of the bronchus, but 
tomography clarifies the intrabronchial and 
extrabronchial components. 
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adenoma, b. Tomogram showing Ultra 

TREATMENT OF BRONCHIAL 
ADENOMAS 

The literature is replete with instances of 
ten to twenty years survival with symptoms 
and no treatment. It is not uncommon for a 
patient to report a cough of five to six years 
duration, complicated by several acute epi- 
sodes of pulmonary suppuration, before diag- 
nosis is made. Endoscopic excision, lobec- 
tomy, and pneumonectomy have produced 
clinical cures only to have regional or distant 
metastases make their appearance five to 
twenty-five years later. 

Certain tumors located in the tracheal wall 
or the tracheal bifurcation may lend them- 
selves to local excision and plastic closure of 
the bronchus or trachea [2IJ; in others, it 
may be necessary to resort to endoscopic 
methods. 


A 

Fig 17-2. a. Preoperafive roentgenogram of the chest showing □ bronchial 
bronchial ond extrabronchial extent of the tumor 
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INCIDENCE OF PULMONARY CANCER 

An ancient military adage states that there 
is a defense for every offense. It is indeed 
fortunate that a defense is available to combat 
pulmonary cancer inasmuch as this form of 
cancer has increased in incidence to an extent 
that has assumed pandemic significance. No 
other nonmfectious disease has increased at 
such an alarming rate. 

The United States National Office of Vital 
Statistics Tcported 2,837 deaths from lung 
cancer in 1930, which value had increased to 
18,313 m 1950. This increment of 500 per 
cent emphasizes the prevalence of this form 
of cancer in the United States Case has re- 
ported that 15,615 men and 2,571 women died 
from lung cancer in England and Wales dur- 
ing 1956. The United Nations ( Demographic 
Yearbook) and the World Health Organiza- 
tion ( Annual Epidemiological and Vital Sta- 
tistics) have reported a high incidence of lung 
cancer. A high incidence of deaths from can- 
cer of the respiratory tract in males has been 
listed for the three-year period 1951-1953 
[19]: Australia, 0 204; Canada, 0.202; Den- 
mark, 0.236; Finland, 0 419; France, 0.285; 
Germany (Federal Republic), 0 315; Ireland, 
0.215, Israel (Jewish population), 0.112, 
Italy, 0 164; The Netherlands, 0.306; New 
Zealand, 0.268, Scotland, 0.572; England and 
Wales, 0 617; Northern Ireland, 0.279; United 
States, 0 263 * 

Despite the fact that a quarter-century has 
elapsed since the first successful pneumonec- 
tomy was performed for pulmonary cancer, the 
number of patients who are being cured of this 
Death rates per thousand 11% Ing per j ear 


form of cancer remains disappointingly low. 
Bignall concludes that of all the lung cancers 
occurring in patients in England and Wales 
less than a fourth arc resected and more than 
half of the patients receive neither surgical 
nor radiation therapy. In the United States, 
approximately 9 per cent of all patients with 
pulmonary cancer survive five years or longer. 
Critical examination of those factors which 
contribute favorably to and those which con- 
spire against curing a patient with pulmonary 
cancer is being made. A major finding has 
been the delay that occurs from the onset of 
the cancer and the time that the patient is 
operated upon — a delay reflected by the ad- 
vanced stage of the neoplasm, permitting re- 
section in less than one fourth of all the pa- 
tients seen. 

DIAGNOSIS OF PULMONARY CANCER 

The diagnostic procedures of roentgeno- 
graphic examination of the chest, broncho- 
scopic examination, scalene node biopsy, 
cytologic examination of exfoliated cells, 
examination of pleural fluid, thoracoscopy, 
and Jung aspiration will yield a positive di- 
agnosis for cancer in a significant number of 
cases, but usually after the neoplasm has 
reached an advanced stage. 

Attempts to discover asymptomatic lung 
cancer by mass x-ray survey reveal that of 
1,780,178 surveys reported by the Public 
Health Service from nine different cities in 
the United States theie wete 1,382 suspects, 
or 0.8 per 1,000 persons examined. The ac- 
tual number of lung cancers is less than the 
“suspect yield” and averages 0.1 to 0.2 per 
1,000. The largest roentgenographic survey 
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stalsis is reduced by intramural induration 
and fibrosis. Air movement across the stenosis 
may not then be normal, and in severe stric- 
tures an actual obstructive emphysema may 
occur. All this means that infection distal to 
the strictures is assured, which, when repeated 
several times, leads to destruction of the lung 
from obstructive emphysema, bronchiectasis, 
lung abscess, or atelectasis, or from a com- 
bination of these. 

Recurrence is likely after endoscopic re- 
moval because at endoscopy these tumors are 
only partially visible, the much larger ex- 
trahronchial components remaining unseen. 
Prior to the use of resection therapy, great 
stamina was exercised by both the patient 
and the endoscopist in any effort to effect a 
cure by this means. 

Probably the best indication for endoscopic 
treatment at the present time is the necessity 
of a temporizing procedure, as when partial 
resection of the tumor to re-establish bron- 
chial drainage is indicated in order that re- 
section may be carried out more successfully 
and with less risk at a later date. 

Surgical Resection of Bronchial 
Adenomas 

Resection with minimal loss of pulmonary 
tissue is justifiable for these patients because 
only a few of the tumors are invasive and 
the degree of malignancy is very low. The 
few cases in which there are distant metastases 
hardly justify the same attitude as is taken 
toward bronchogenic carcinoma, but, if de- 
sirable, it may still be possible to do a medi- 
astinal dissection after a lobectomy. 

Often a lobectomy is technically possible 
even though the tumor is proximal to the 
upper-lobe orifice. Of course, if the tumor has 
been present for many years and the lung is 
completely destroyed beyond the tumor, a 
pneumonectomy is indicated. 

Conservation of the pulmonary tissue is 
best demonstrated by the following experi- 
ence in the treatment of a bronchial adenoma. 
The patient had had intermittent atelectasis 
of the left lower lobe associated with infec- 
tion for several years. Finally, total atelectasis 
of the lung (Figure 17-ln) , dyspnea, high 


temperature, etc., brought her to broncho- 
scopy. A bronchial adenoma was seen arising 
from the medial wall of the left main bron- 
chus opposite the left upper-lobe orifice. At 
operation a bronchotomy was done, and the 
lower lobe and part of the medial wall of the 
left main bronchus was removed with the 
specimen. A plastic closure of the bronchus 
was done and the upper lobe preserved (Fig- 
ure 1 7-1 b). After operation, the left main 
bronchus would accept a 7-40 bronchoscope 
as far down as the upper-lobe orifice. The 
patient was well and working as a bridge toll 
collector in the twelve years he was followed 
(Figure 17-Ic). 

Another example of conservatism is demon- 
strated by a twenty-two-year-old girl who bad 
paroxysmal coughing attacks that led to 
bronchoscopy in the face of an almost normal 
chest film (Figure I7-2a). Tomography local- 
ized the intrabronchial and extrabronchial 
components (Figure 17-2fi). The adenoma 
was found distal to the upper-lobe orifice, 
concealing the middle-lobe orifice but involv- 
ing the inferior wall of the upper-lobe 
bronchus. At operation, the upper and middle 
lobes were removed, but the medial wall of 
the intermediate bronchus was preserved and 
a plastic closure done by bringing the lower- 
lobe bronchus up to the right main-stem 
bronchus (Figure 17-2c). This patient is well, 
eighteen months after resection, and living 
a normal life (Figure 17-2 d). A pneumonec- 
tomy followed by thoracoplasty would have 
been a much greater price for a young, un- 
married woman to pay in terms of the sacrifice 
of lung tissue and deformity. (See Chap. 22A 
for a presentation of the anatomy and surgical 
considerations of segmental pulmonary resec- 
tion in treating lung tumors.) 

Radon seeds and x-ray therapy in the man- 
agement of these cases are mentioned only 
to be condemned. Even the tracheal tumors 
allow of localized excision with plastic repair, 
which is a better solution. A slight reduction 
in the diameter of the lumen, should it occur 
after removal of a tracheal tumor, is prefer- 
able to a stricture with the tumor still present 
and capable of recurring. (See Chap. 15 for 
a discussion of the treatment of tracheal 
tumors.) 
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TABLE 18-1.— Survival of Patients with 
Untreated Pulmonary Cancer 


Author < 

Number 
jf patients 

Survival 
tit months 

FROM TIME OF FIRST 

SYMPTOM 

UNTIL DEATH 

Fulton (1936) 

915 

7.6 

Steiner (1940) 

53 

10.5 

Tenze! (1941) 

121 

10 

Tmney (1944) 

315 

14 5 

Ariel et al (1950) 

340 

9.4 

Wiklund (1951) 

66 

13 

1 FROM TIME OF DIAGNOSIS UNTIL 
Chandler and Poller 

DEATH 

(1927) 

67 

6 

Vinson (1936) (reviewed 


by Leddy, 1943) 

30 

6 

Overholt (1940) 
Farberov and Baslow 

26 

8 

(1941) 

21 

6.5 

Tmney (1944) 

315 

6 

Hilton (1945) 

51 

25 


specific treatment, stated that death occurred 
an average of 9.4 months after the onset of 
symptoms. 

From the time of diagnosis until death the 
average survival time varied from ten weeks 
(Hilton, 51 patients) to about six months 
(Tmney, 315 patients, Chandler and Potter, 
67 patients; Farberov and Baslow, 21 pa- 
tients) to eight months (Overholt). 

Of Widmann’s senes of 119 untreated pa- 
tients with bronchogenic carcinoma, 94 per 
cent were dead within six months and not a 
single patient lived longer than one year. A 
Similar situation obtained for 125 untreated 
patients reported on by Leddy. 

Occasional reports have appeared in the 
literature of patients who have lived for pro- 
longed penods with untreated bronchogenic 
carcinoma. 

DELAY IN THE DIAGNOSIS OF 
PULMONARY CANCER 

From the above values, of death occurring 
about one year after the onset of symptoms 
and within six months after the diagnosis 
has been established in patients with untreated 
bronchogenic carcinoma, it may be assumed 
that a delay of six months generally occurs 
from the onset of symptoms until the di- 
agnoses is made This has been the reported 
experience. Tmney reported an average delay 


from the onset of symptoms until diagnosis of 
8.5 months. In 1,205 patients reported on by 
Ariel and his associates [3], the delay from 
the onset of symptoms until admission to the 
hospital was 7.3 months. Bjork [8] evaluated 
the causes for delay and observed that a total 
delay of 8 4 months occurred from the onset 
of symptoms until definitive therapy was in- 
stituted in his large series of patients reported 
from the Brompton Hospital in England; the 
average delay due to the patient was 3.4 
months and the delay due to the doctor was 
five months. Overholt has remarked that most 
patients do not seek medical attention until 
three to four months after the onset of symp- 
toms, but that in 50 per cent of the cases the 
physician does not make a diagnosis for six 
months or longer after the patient seeks med- 
ical aid. 

It is impossible to judge accurately the 
duration of a given cancer because some pa- 
tients are stoical and are not cognizant of 
mild symptoms, and certain cancers can re- 
main occult in a silent pulmonic zone and 
not produce symptoms until late in their 
course. Not infrequently, symptoms result- 
ing from distant metastases may herald the 
presence of a cryptic bronchogenic carcinoma, 

Rigler, Ol-oughlm, and Tucker [65] in- 
terpreted the duration of bronchogenic car- 
cinoma from previous roentgenographic data. 
They found that the average duration of symp- 
toms in 37 patients with inoperable lung 
cancer was 12.7 months and that roentgeno- 
graphic signs preceded the onset of symptoms 
by 7 8 months; that the average duration of 
cancer in 13 operable patients, as evidenced 
roentgenographically, was 36.4 months. 
Roentgenographic examination is unquestion- 
ably a more accurate index of the duration 
of pulmonary cancer than are the patient’s 
symptoms, but frequently the early roentgeno- 
grams are interpreted correctly only in ret- 
rospect. 

SURGICAL TREATMENT OF 
PULMONARY CANCER 

OPERABILITY RATE 

Inasmuch as surgical resection is the only 
method of curing cancer of the lung, the 
accomplishments of this procedure are an- 
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was reported by Guiss in 1950 from Los 
Angeles County; in this, 1,867,201 chest 
mintfilms were made and 222 instances of 
bronchogenic carcinoma were discovered 
(0.12 per 1 , 000 ) (38]. The inadequacy of 
minifilm chest survey is revealed by the fact 
that in 1950 in Los Angeles County there 
were 27 deaths from lung cancer in individu- 
als with negative minifilms; in 1951 there 
were 133 deaths and in 1952, 146 deaths in 
individuals with normal chest roentgeno- 
grams in 1950. These data demonstrate the 
need for repeat roentgenographic surveys and 
the fact that a negative report does not ex- 
clude the presence of cancer but may give the 
individual a false sense of security. 

The survival rate of patients who are 
asymptomatic and whose cancers are diag- 
nosed in the course of a roentgenographic 
survey is better than the over-all survival. 
Churchill, Sweet, Scannell, and Wilkins re- 
ported [23] the cumulative five-year survival 
for thirty-eight “survey” patients operated 
upon in the years 1948-1956 to be 42 per cent, 
in contrast to a five-year survival of 28 per 
cent for all resections (220) performed dur- 
ing the same period. Overholt reported that 
of twenty-nine survey patients seen over five 
years ago, 24 per cent are alive and well. 

A solitary, discrete lung shadow was the 
sole finding in over 57 per cent of patients 
reported on by Overholt, who emphasizes the 
need for an exploratory thoracotomy in any 
patient with a discrete lung shadow, even in 
the absence of symptoms. 

In this connection, Cahan’s study of pa- 
tients known to have cancer elsewhere in the 
body or who have been treated for cancer and 
reveal a solitary lung shadow is of note. He 
showed that of 208 instances of solitary lung 
shadow in patients with primary cancers else- 
where, 162 were found to be another primary 
cancer and in only 46 cases (22 per cent) was 
the shadow caused by a metastasis. He con- 
cludes, as “a good rule of thumb” [18J: 

If the patient has a squamous carcinoma else- 
where m the body, the lung lesion is usually a 
separate primary and predominantly a squamous 
carcinoma as well. 

If the patient has a soft part or skeletal sar- 
coma or melanoma elsewhere, the solitary lung 
lesion is almost always a metastasis from these. 

If there is an adenocarcinoma elsewhere, there 
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is about a 50 per cent chance of the solitary 
shadow being a primary lung cancer. 

Figure 18-1 shows the sites of 141 multiple 
primary tumors, one of which was in the 
lung, in Cahan's study. He stresses an atti- 
tude of aggression in such cases, including 
“resection of the pulmonary lesion with as 
much of the local lymphatics as possible. In 
this ambiguous setting, if the lesion is periph- 
eral a radical lobectomy is used; if it in- 



[18], courtesy Medico/ Science.) 

volves the main bronchus or is too large for 
a lobectomy, a radical pneumonectomy is per- 
formed.” (Chap 22B.) 

THE COURSE OF PATIENTS WITH 

UNTREATED PULMONARY CANCER 

As a base line for evaluating the accom- 
plishments of the attack upon lung cancer, the 
probable course of a patient bearing broncho- 
genic carcinoma who received no treatment 
whatsoever is examined (Table 18-1). The 
average duration of life of 1,810 untreated pa- 
tients reported by different authors, from the 
time of the first symptom, was 10.8 months. 
Fulton reviewed the records of 915 such pa- 
tients and found the average duration of life 
to be 7.6 months. Ariel, Avery, Kanter, Head, 
and Langston [3], reporting on 340 patients 
with pulmonary cancer who received no 
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TABLE 18-3. — Resectability and Survival Rates for 4,814 Patients 
with Pulmonary Cancer 


Senior author and 
year 

Number 
of cases 

Explored 
Per cent 

Resected 
Per cent 

5 -year 
survivals 

Per cent 

Gibbon (1953) 

532 

71 

39 

9 

Ochsner (1954) 

1,170 

52 

33 

8 

Kirfchti (1955) 

767 

48 

24 

8 

Overholt (1956) 

733 

62 

37 

8 

Burford (1958) 

1,008 

60 

35 

9 

Churchill (1958) 

604 

55 

35 

10 

Total 

4,814 

58 

34 

8.6 


incidence ot 18.2 per cent (collective series) 
Their data include patients from the earliest 
days of thoracic surgery. Recent reports from 
six large clinics in the United States reveal 
an average resectability rate of 34 per cent 
for 4,814 patients (Table 18-3; Figure 18-2). 

The percentage of patients who have been 
subjected to a thoracotomy and in whom re- 
section can be performed varies widely, de- 
pending upon the criteria for performing a 
thoracotomy (Table 18-4). 


TABLE 18-4.— Percentage of Thoracotomized 
Patients with Pulmonary Cancer in Whom 
A Resection Could Be Performed 


Author and year 

Number of 
patients 

Per cent 
in whom 
resection 
performed 

Brock (1943) 

33 

45 

Brindley (1944) 

90 

50 

Rienhoff (1944) 

181 

39 

Bjork (1947) 

Churchill (1948) 

152 

49 

(from the literature) 

782 

58 

Churchill et at. (1950) 

294 

58 

Moore (1951) 

Bloomer and 

155 

56 

Lindskog (1951) 

120 

52 

Ochsner etal. (1952) 

750 

65 

Borne (1952) 

810 

42 

Gibbon et al (1953) 

380 

54 

Aufses (1953) 

330 

50 

Brea (1954) 

311 

64 

Abbey Smith (1957) 
Overholt and Bougas 

147 

98 

(1957) 

457 

57 

RicnhofT et al. (1958) 

699 

36 

Churchttl et al. (1958) 

330 

64 

■Johnson et al (1958) 

192 

60 

Burford et at (1958) 

605 


Ochsner (1958) 

759 


KitUm et ot. (1958) 

369 


Bignall (1958) 

527 

75 


OPERATIVE MORTALITY RATE 

The hospital mortality rate incident to the 
operative procedure for bronchogenic cancer 
has been rather high in past years. These 
values are listed in Table 18-5, and vary from 

TABLE 18-5 — Operative Mortality Follow- 
ing Surgical Treatment of Pulmonary 
Cancer 


Author and year 

Number of 
patients 
operated 
upon 

Operative 
mortality 
Per cent 

Brock (1943) 

32 

28 

Brindley (1944) 

45 

32 

Rienhoff (1944) 

71 

21 

Edwards (1946) 

70 

17 

Sellors et al (1947) 

122 

15 

Bjork (1947) 

81 

30 

Rienhoff (1947) 

112 

22 

Gagnon (1948) 

44 

36 

Mason (1949) 

202 

27 

Ovcrholt (1949) 

45 

11 

Churchill et al. (1950) 

171 

20 

Graham (1950) 

75 

30 

Taylor and Waterhouse 

1950 (culled from 

England) 

1,239 

24.3 

Brown et al. (1951) 

34 

5.9 

Wiklimd (1951) 

73 

20 

Ochsner et al. (1952) 

332 

20 

Borne (1952) 

128 

22 

Brea (1954) 

200 

18 

Bignall and Moon (1955) 531 

15 

Kirklin et al. (1955) 

184 

13,6 

Watson (1956) 

167 

12,3 

Abbey Smith (1957) 

147 

12 

Gibbon and 

Nealon (1957) 

145 

23 

Cleland (1958) 

599 

13 

Churchill et al (1958) 

127 

10 

Johnson et al (1958) 

116 

7.7 

Burford et al. (1958) 

603 

1 1 

Ochsner (1958) 

759 

20 

Rienhoff et al (1958) 

699 

22 
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TABLE 18*2. — Operability or Patients 
Bearing Pulmonary Cancer* 


Author and year 

Number 

of 

patients 

Number 

operated 

upon 

Per cent 

Neuhof et a l (1942) 

281 

11 

Brindley (1944) 

448 

10 

Lmdskog (1946) 

100 

34 

Rienhoff (1947) 

327 

34 

Jones (1947) 

196 

20 

Graham (1949) 

260 

22 3 

Ariel et al. (1950) 

1,057 

13.4 

Churchill et at. (1950) 

1,130 

26 

Moore (1951) 

370 

42 

Bloomer and Lindskog (1951) 300 

40 

Borne (1952) 

1,800 

45 

Aufses (1953) 

959 

35 

Brea (1954) 

880 

35 

Kirklin et al. (1955) 

767 

48 

Overholt and Bougas ( 1957) 

733 

62 

Bignall (1958) 

1,749 

29 

Churchill et al (1958) 

604 

S5 

Johnson et al (1958) 

344 

56 

Burford et al, (1958) 

1,008 

60 

Ochsner (1958) 

1,453 

52 

Total 

14,766 

34 9 


* Patients considered candidates for surgical In- 
tervention of their lung cancer In many instances, 
only exploratory thoracotomy performed 


alyzed. The percentage of all patients bearing 
pulmonary cancer on whom a surgical attack 
may be attempted is disappointingly low. 
Rosenblatt and Lisa 166], in a review of al- 
most fifteen thousand cases, found that less 
than 35 per cent of the lung cancers were 
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considered operable. In a separate review of 
14,766 cases, the present authors record a 
similar average operability rate (349 per 
cent) (Table 18-2). The operability rate 
varies from 10 per cent (Brindley (12]) to 62 
per cent (Overholt and Bougas). The lower 
operability rates are significant in view of the 
relatively few contraindications to surgery, the 
major one being evidence of metastasis. Table 
18-2, arranged chronologically, reveals a 
progressive increment in the percentage of 
patients who are candidates for the surgical 
removal of lung cancers, Thus, Lindskog [45] 
reported from Yale University an operability 
rate of 34 per cent, which increased to 40 per 
cent in 1951. Graham [35] reported from 
Barnes Hospital (St. Louis) an operability 
rate of 22.3 per cent, which rose to the high 
value of 60 per cent in the same institution as 
reported by Burford and his associates in 
1958. The operability can fluctuate widely in 
different institutions, depending upon such 
factors as preadmission selection, the policy of 
the institution (palliative versus only curative 
type of surgery) , the temperament of the sur- 
geon, and other variables. 

RESECTABILITY RATE 
Approximately one fifth of all patients with 
pulmonary cancer can have the benefit of a 
chance for cure by surgical measures. Rosen- 
blatt and Lisa [66] record 2,697 resections in 
14,795 patients with bronchogenic cancer, an 


TOTAL NUMBER 
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Fm. 18 2. Resectability and Survival rates for patients with cancer of the lung 
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TABLE 18*3. — Resectability and Survival Rails lor 4,814 Patients 
with Put stovARv Cancer 


S-} ear 


Settlor author and 
year 

Number 
of cases 

Gibbon (1953) 

532 

Ochsner (1954) 

1,170 

Kirklin (1955) 

767 

Ovcrholt (1956) 

733 

Burford (1958) 

1,008 

Churchill (1958) 

604 

Total 

4.814 


incidence ot 18.2 per cent (collective series). 
Their data include patients from the earliest 
days of thoracic surgery. Recent reports from 
six large clinics in the United States reveal 
an average resectability rate of 34 per cent 
for 4,814 patients (Table 18-3; Figure 18-2). 

The percentage of patients who have been 
subjected to a thoracotomy and in whom re- 
section can be performed varies widely, de- 
pending upon the criteria for performing a 
thoracotomy (Table 18-4). 


TABLE 18-4 —Percentage of TuoRACOTOMizro 
Patients with Pulmonary Cancer in Whom 
A Resection Could Be Perform™ 


Author and year 

Number of 
patients 

Per cent 
in whom 
resection 
performed 

Brock (1943) 

33 

45 

Brindley (1944) 

90 

50 

Rienhoff (1944) 

181 

39 

Bjork (1947) 

Churchill (1948) 

152 

49 

(from the literature) 

782 

58 

Churchill et al (1950) 

294 

58 

Moore (1951) 

Bloomer and 

155 

56 

Lmdskoe (1951) 

120 

52 

Ochsner etal (1952) 

750 

65 

Bome (1952) 

810 

42 

Gibbon et al (1953) 

380 

54 

Aufses (1953) 

330 

50 

Brea (1954) 

311 

64 

Abbey Smith (1957) 
Overholt and Bougas 

147 

98 

(1957) 

457 

57 

Rienhoff et al. (1958) 

699 

36 

Churchill et al. (1958) 

330 

64 

Johnson et al (1958) 

192 

60 

Burford et al (1958) 

605 

58 

Ochsner (1958) 

759 

62 

Kirkltn et al (1958) 

369 

50 

Bignall (1958) 

527 

75 


Explored Resected survivals 

Per cent Per cent Per cent 


71 

39 

9 

52 

33 

8 

48 

24 

8 

62 

37 

8 

60 

35 

9 

55 

35 

10 

58 

34 

8.6 


OPERATIVE MORTALITY RATE 
The hospital mortality rate incident to the 
operative procedure for bronchogenic cancer 
has been rather high in past years. These 
values arc listed in Table 18-5, and vary from 


TABLC 18-5. — Operative Mortality Follow- 
ing Surgical Treatment of Pulmonary 
Cancer 


Number of 
patients 
operated 

Author and year upon 

Opera t ne 
mortality 
Per cent 

Brock (1943) 

32 

28 

Brindley (1944) 

45 

32 

RienholT (1944) 

71 

21 

Edwards (1946) 

70 

17 

Sellors et al. (1947) 

122 

15 

B/ork (1947) 

81 

30 

Rienhoff (1947) 

112 

22 

Gagnon (1948) 

44 

36 

Mason (1949) 

202 

27 

Overholt (1949) 

45 

11 

Churchill et al. (1950) 

171 

20 

Graham (1950) 

75 

30 

Taylor and Waterhouse 



1950 (culled from 



England) 

1,239 

24 3 

Brown et al. (1951 ) 

34 

59 

W/Uurd (1951) 

73 

20 

Ochsner et al. (1952) 

332 

20 

Borne (1952) 

128 

yi 

Brea (1954) 

200 

18 

Bignall and Moon (1955) 

531 

15 

Kirklin et al. (1955) 

184 

13 6 

Watson (1956) 

167 


Abbey Smith (1957) 

147 


Gibbon and 



Nealon (1957) 

145 


Cleland (1958) 

599 


Churchill et al. ( 1 958 ) 

127 


Johnson et al. (1958) 

116 


Burford et el. (1958) 

603 


Ochsner (1958) 

759 


Rienhoff et al (1958) 

699 

22 
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a 5 9 per cent mortality rate for 34 cases, re- 
corded by Brown, Riddle, and Sullivan [16], 
to a 24 3 per cent mortality rate for 1,239 
cases culled from the various hospitals in 
England. Table 18-5 includes patients treated 
during the early years of pneumonectomy. 
The most recent data indicate a continued de- 
crease in the operative mortality for patients 
subjected to conventional surgical procedures. 

When series of cases at a given thoracic 
clime are analyzed as regards operative 
mortality, a steady decrease is noted. Table 
18-6 shows the operative mortality for 1,100 


TABLE 18-6. — Operative Morality in 
Pulmonary Carcinoma* 
(Overholt Thoracic Clinic Series) 


Years 

Exploration 

only 

Per cent 

Resection of 
localized 
lesions 

Per cent 

1933-1940 

28 

33 

1941-1945 

12 

7.7 

1946-1950 

85 

13 

1951-1953 

1 3 

2.7 


* From II H Overholt and J A Bougas [58], 
courtesy American Journal of Surgery 


histologically verified cases treated at the 
Overholt Thoracic Clinic (Boston). The 28 
per cent mortality for simple exploration and 
the 33 per cent mortality for resection of 
localized lesions, recorded during the years 
1933-1940, dropped precipitously to 1.3 per 
cent and 2 7 per cent, respectively, for 
the period 1951-1953. 

At the Massachusetts General Hospital the 
operative mortality for 1948-1956 W3S 10 per 
cent for 127 pneumonectomies and 6.4 per 
cent for 93 lobectomies. 

The operative mortality will, of course, vary 
widely depending upon the selection of pa- 
tients for operation, the age of the patients 
(with the higher mortality occurring in the 
older groups), the willingness of the surgeon 
to operate in the presence of other conco- 
mitant disease processes, and the extent of 
his resection. The over-all average operative 
mortality for thoracotomy in patients who are 
good surgical risks has been reported to be 
between 1 and 2 per cent — a risk far less 
than that incident to a watch-and-w3it policy 
in the presence of discrete pulmonary shadows 
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in asymptomatic patients. The operative 
mortality tends to increase with the extended 
radicalness of a given surgical procedure. A 
mortality of about 3 per cent is recorded for 
segmental resection; of about 6 per cent for 
lobectomy; of about 10 per cent for pneu- 
monectomy, and a proportionally higher rate 
for more extensive resections, including so- 
called radical pneumonectomy ( Watson , 13 6 
per cent), resection of the pericardium or 
chest wall, etc. 

SURVIVAL RATE 

If a patient bearing pulmonary cancer is 
fortunate enough to recover from an ablative 
surgical attack upon the cancer, the chance of 
five-year survival is good in comparison with 
the results obtained for other forms of cancer. 
Approximately one fourth of all patients who 
are candidates for surgical resection of their 
lung cancers will survive five years or longer. 

Various reports demonstrate a marked 
variability in the over-all survival rate (Table 
18-7). Overholt and Bougas collected data 
from seventeen sources — 6,000 cases of 
clinically diagnosed lung cancer — for evalua- 
tion of five-year survival rates, most of these 
patients were observed between 1942 and 
1950; four fifths had histologic verification 
Of 5,704 patients with complete follow-up 
study, 299 (5 3 per cent) survived five years 
or more, of this group of survivors, 15 per 
cent had a localized cancer, 5 per cent had 
metastases to regional lymph nodes, and 0.3 
per cent had distant metastases. 

FACTORS THAT INFLUENCE PROGNOSIS 

Numerous variables contribute to the prog- 
nosis of a given patient bearing pulmonary 
cancer. These may be analyzed according to 
(I) the status of the tumor, (2) the general 
condition of the patient, (3) the skill and 
experience of the physician caring for the 
patient. 

It is difficult to analyze series of cases from 
dilTerent clinics because of differences in 
methods of classifying the various neoplasms, 
differences in philosophy pertaining to in- 
dications for operation, and other factors. 
The dates of the series being analyzed are 
important inasmuch as prior to 1940 the 
mortality rate for pneumonectomy was ex- 
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TABLE 18-7. — Fi\ r-Yrut Survival or Patiints with Puimonsry Cancer 
Following RrsrcnoN or mr Cancer 


Resection* Pneumonectomy Lobectomy 




Humber 


Humber 


Number 


Senior 

Period of 

of 

Sur\i\al 

of 

Sun hat 

of 

Sunn at 

author 

study 

patients 

Per cent 

patients 

Per cent 

patients 

Per cent 

Churchill t 

1930-1950 

88 

27 1 

127 

24 

93 

33 


1950-195? 

201 

30 { 

Ovcrholt 

1932-1951 

261 

21 





RicnhofT 

1931-1956 



203 

7 5 



Ochsner 

1935-1951 

31$ 

15 





And 

1937-1947 



33 

15 

16 

12 

Moore 

1939 1949 

87 

13 





Johnson 

1939-1953 



99 

26 

1 7 1 

35 

Clclandt 

1940-1955 

521 

27 





Sellers 

1940-1950 

446 

21 





kirkltn 

1943-1949 

184 

37 





Brea 

1946-1950 

78 

9 





Gibbon 

1946-1953 

205 

22 





Burford 

1948-1952 

182 

22 





BignallS 

1951-1955 

63 

32 






• Kxtent «f r<«rctlon not Risen l>ut umi.iI)> ImlU.itis ht.iml.ml pn« timoin « tom> 
t I Lined on mtlcnta who PUr\i\<d operation 
t ltecorOed ns h«s than pnnimom clomy 
! Compute ■) from time of Admission to hospital 


ccptionally high, which rate has steadily de- 
creased since. Accordingly, any series re- 
corded prior to 1940 would be influenced by 
the high mortality rate. 

The classifications as to the histologic type 
and grading of neoplasms utilized by different 
clinics play an important role m the analysis 
of cases. For example, if bronchial adenoma, 
which usually carries a survival rate of about 
85 per cent, is included with the more malig- 
nant tumors, the figures for salvage would be 
distorted. 

The philosophy of the surgeons of a given 
institution would influence the final outcome 
For example: an unusually high resectability 
rale for a given institution could mean cither 
a critical preadmission scanning of patients, 
with a resultant increased number of early 
cancers, or an increased radical approach in 
which the surgeons are attempting to resect 
neoplasms that have spread to extrupneumomc 
structures. 


INFLUENCE OF SEX AND AGE 
ON PROGNOSIS 

It is difficult to analyze the effect of sex 
upon survival because the available data on 
the survival of women with pulmonary cancer 
are meager There was no difference in sur- 
vival between the sexes m the senes reported 
from the Brompton and Royal Marsdcn Hos- 
pitals in London. Ochsner reported a some- 
what better prognosis for women. The ratio of 
males to females of all his patients with lung 
cancer was 8:2, whereas the ratio of those 
patients who survived five years or longer 
was 4 8, indicating a better survival rate for 
females. 

Regarding the effect of age, there appears 
to be an improvement in the survival rates 
with increasing age. Whether this represents 
a true state of affairs or whether it is a result 
of reluctance to subject the older patients to 
resection cannot be stated Ochsner reported 
that of all patients subjected to resection who 
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survived five years or longer only 38 per cent 
were under fifty years of age, in contrast to 
62 per cent who were between fifty and seventy 
years. Neuman, Ellis, and McDonald, of the 
Mayo Clinic 152), reported that the opera- 
bility and resectability rates did not differ in 
patients under forty years of age, but that 
the survival rate of this group was much 
lower. Of 5 1 patients under forty years of age 
in their series, only nine had curative resec- 
tions and none of these lived five years. This 
is in sharp contrast to the 37 per cent five-year 
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carcinoma, and undifferentiated carcinoma. 
The squamous or epidermoid carcinoma is 
the most frequent form. Rosenblatt and Lisa 
166) state that 55 per cent of 203 patients 
with bronchogenic carcinoma (both autopsy 
and resected specimens) had squamous car- 
cinomas, 20 per cent adenocarcinomas, and 
23 per cent undifferentiated carcinomas. Over- 
holt and Bougas reported on 486 cancers of 
the lung, of which 60 per cent were squamous 
carcinomas, 27 per cent adenocarcinomas, 
and 13 per cent undifferentiated carcinomas 



Fig. 1 8-3 Graphic representation of operability, resectability, ond survival rates for the 
tour types of bronchogenic carcinoma (Fro/n J W Kirilin, J. R. McDonald, O. T. Clagett, 
H. J. Moerseh, and R. P. Gage [42 j, courtesy Surgery, Gynecology and Obstetrics.) 


survival of all patients with bronchogenic 
carcinoma subjected to a curative procedure 
by the Mayo Clime surgeons, as reported by 
Kirklin, McDonald, Clagett, Moersch, and 
Gage [42). 

INFLUENCE OF HISTOLOGIC TYPE 
OF TUMOR ON PROGNOSIS 

The tendency of different pathologists to 
classify the neoplasms according to individual 
dictates influences somewhat the operative 
results from different clinics. Certain trends, 
however, arc manifest. 

The three most common types of lung 
cancers are squamous-cclf carcinoma, adeno- 


lt is fortunate that squamous carcinoma is the 
most frequent type inasmuch as most cures 
have been obtained for this form of lung 
cancer. 

CJeJand reported a 42 per cent five-year 
survival of 118 patients with squamous car- 
cinoma - , a 39 peT cent survival of 18 patients 
with adenocarcinoma; and a 22 per cent sur- 
vival of 74 patients with undifferentiated car- 
cinoma- Of 55 patients who survived five 
years or longer who were reported on by 
Ovcrholt and Bougas, 69 per cent had squa- 
mous carcinoma, 16 per cent adenocarcinoma, 
and 15 per cent undifferentiated carcinoma. 
Burford, Ferguson, and Spjut 117) reported 
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that 31 of 40 patients (78 per cent) who sur- 
vived five years or longer had squamous car- 
cinoma, and 12.5 per cent had undifferenti- 
ated carcinoma. Ochsncr reported that 68 per 
cent of his patients who survived five years 
or longer revealed squamous carcinoma, and 
8 per cent had adenocarcinoma. 

KirMin and his associates [42] reviewed 
844 proved and restudied eases of cancer of 
the lung to determine the influence of cell 
type on prognosis, Their findings arc recorded 
in Figure 18-3, and reflect (he findings of 
others, namely, that the best results arc ob- 
tained for the group bearing squamous-cell 
carcinoma. 

Although the incidence of cures for pa- 
tients bearing adenocarcinomas and undiffer- 
entiated carcinomas is low, it is encouraging 
that some patients with these forms of cancer 
arc being cured, inasmuch as many present 
evidence of lymph node and blood vessel in- 
vasion by their cancers. 

INFLUENCE OF METASTASES TO REGIONAL 
LYMPH NODES ON PROGNOSIS 

When metastascs to regional lymph nodes 
have occurred, the prognosis is poorer than if 
the cancer remains localized, but it is not 
necessarily ominous, The incidence of metas- 
tascs to lymph nodes in patients subjected to 
resection of their pulmonary cancer is high. 
It is difficult to assess the true incidence of 
metastases to the regional nodes because many 
surgeons make this determination simply on 
the basis of palpation or a frozen -section ex- 
amination of a single mediastinal or hilar 
lymph node. Moreover, unless a “radical 
pneumonectomy” is performed, the medi- 
astinal and hilar lymph nodes are not re- 
moved; and even when they are surgically 
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excised, painstaking examination hy the 
pathologist, using the clearing technic, is 
necessary to determine the actual presence 
of metastascs to regional lymph nodes. 

Table 18-8 indicates that even when the 
regional lymph nodes bear metastascs from 
the pulmonary cancer the patient can be 
cured in a significant number of instances. 
The survival rales, of course, arc higher in 
those patients who do not have evidence of 
metastasis to lymph nodes Overholt and 
Bougas, in their personal series of patients 
operated upon between 1932 and 1951, re- 
ported a 34 per cent five-year survival rate 
for 102 patients without evidence of metas- 
tascs to regional lymph nodes, the survival 
rate decreasing to 24 per cent of 66 patients 
who did have lymph node involvement. Metas- 
tasis to regional lymph nodes was not as poor 
a prognostic sign as gross extension of the 
tumor, in which event only a 4 per cent sur- 
vival rate was achieved for 93 patients. John- 
son, Kirby, and Blakcmore [40] reported a 
43 per cent five-year survival of 54 patients 
whose resected lungs did not reveal evidence 
of metastasis to lymph nodes, in contrast to 
a 15 per cent survival of 53 patients with 
evidence of lymph node involvement. 
Churchill reported a 34 per cent five-year 
survival rate when metastases to lymph nodes 
had not occurred; but when the tumor had 
spread to the regional nodes, no patient sur- 
vived the five-year span. 

INFLUENCE OF BLOOD VESSEL 
INVASION ON PROGNOSIS 

The blood vessels are invaded by pulmonary 
cancer in a high percentage of patients. Seley 
imported evidence of blood vessel invasion in 
100 per cent of patients with adenocarcinoma. 


TABLE 18-8. — Five-Year Survival of Patients with Metastases 
to Lymph Nodes from Pulmonary Cancer 


Number of 
patients who 
survived 

Author 5 years 

With metastases to lymph nodes 

Number of 

patients Per cent 

Burford et al. 

40 

18 

45 

Overholt and Bougas 
(collected series) 

299 

15 

5 

Overboil and Bougas 
(personal series) 

66 

16 

24 

Johnson et al 

53 

8 

15 
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Johnson, Kirby, and Blakemore [40] found 
evidence of blood vessel invasion in 81 per 
cent of patients with adenocarcinoma and in 
100 per cent of patients with undifferentiated 
carcinoma. Langston, Laws, McGrcw, 
Heidenreich, and Slominski [43] found evi- 
dence of vascular invasion in fourteen of 
fifteen patients with pulmonary cancer after 
resection either by lobectomy or pneumonec- 
tomy; four of these neoplasms were anaplastic 
carcinomas, the remainder were squamous- 
cell carcinomas. Collier, Blakemore, Kyle, 
Enterline, Kirby, and Johnson [26] found 
evidence of blood vessel invasion in 71 per 
cent of pulmonary tumors (undifferentiated 
carcinoma, 100 per cent; epidermoid carci- 
noma, 63 per cent; bronchiolar carcinoma, 
45 per cent; adenoma, 1 2 per cent). 

In this connection, Moore, Sandberg, and 
Schulbarg [49] analyzed the blood of patients 
with pulmonary cancer for the presence of 
cancer cells and demonstrated that 75 per 
cent of the patients had cancer cells in their 
peripheral blood. 

Although blood vessel invasion is an 
ominous sign, five-year survivals of some 
patients who have evidenced this method of 
spread have been reported. Overholt and 
Bougas [58] m a review of the literature, re- 
ported that 0 3 per cent of 299 patients who 
survived five years or longer after resection 
of their pulmonary neoplasm presented evi- 
dence of distant metastases, presumably via 
the route of blood vessel dissemination John- 
son and his associates [40] stated that of 71 
patients with blood vessel invasion, only 6 
per cent survived five years or longer, whereas 


of 36 patients without evidence of such in- 
vasion, 75 per cent survived five years or 
more. They analyzed the relative effect upon 
prognosis of cancerous invasion of blood ves- 
sels and/or metastases to lymph nodes in their 
scries of patients (Table 18-9). 

Metastasis of bronchogenic cancer to the 
adrenal glands, which occurs in a significant 
number of patients, does not necessarily in- 
dicate that dissemination has occurred by 
way of the blood stream. Dr. Kenneth Meyer 
[48] has demonstrated that there are definite 
lymphatic connections between the lower lobes 
of both lungs and the lymphatics below the 
diaphragm, to the adrenal gland. 

OTHER FACTORS THAT INFLUENCE 
PROGNOSIS 

Other factors that have been studied in an 
effort to assess the prognosis of pulmonary 
cancer include the location of the tumor, the 
size of the tumor, the delay before diagnosis, 
and the type of treatment. 

TREATMENT OF PULMONARY CANCER 

The majority of cures have been obtained 
by surgical resection of the pulmonary cancer. 
An occasional patient will survive five years 
or longer without any treatment. Overholt 
and Bougas reported a 2 per cent five-year 
survival of 131 patients gleaned from the 
literature who were subjected to radiation 
therapy. Leddy and Moersch [44] reported on 
125 patients treated by irradiation, of whom 
4 per cent lived five years or longer. (Chapters 
25, 26, and 27 discuss in detail the radiation 
treatment of pulmonary cancer.) 


TABLE 1 8-9 — Carcinoma or the Lung — Five-Y ear Survival of 1 07 
Patients Surviving Resection* 



Blood vessel 
invasion 

Lymph node 
invasion 

Resected 

Alive 

5 years 

Per cent 

1. 

+ 


71 

4 

6 

2. 

— 


36 

27 

75 

3. 


+ 

53 

8 

15 

4. 


_ 

54 

23 

43 

5. 

+ 

- 

28 

2 

7 

6. 

+ 

+ 

24 

2 


7. 

— 

+ 

10 

6 


8. 


“ 

26 

21 



•Source: J. Jolm«on. C K. Kirby, and TV. S Plnkemnrp [40 J. courtesy The 
Journal of Thoracic Burpcrv- 



Pulmonary Cancer An Appraisal 

RADICAL RESECTIONS 
Standard pneumonectomy is the operation 
most frequently performed for pulmonary 
cancer. With the decline In the operatise 
mortalit) for standard pneumonectomy, efforts 
have been put forth in three directions, 
namely, to increase the resectability rate of 
lung cancer, to offer palliation to patients 
whose cancers arc found to be tnoperablc at 
the time of thoracoiomy. and to modify the 
operative procedure in a more conservative 
direction for those patients whose general 
condition or pulmonary reserve will not toler- 
ate a standard pneumonectomy 

At the present time there arc at least sev cn 
different procedures available for surgically 
treating the patient with pulmonary cancer. 
These include: segmental resection; simple 
lobectomy; radical lobectomy; standard pneu- 
monectomy; radical pneumonectomy (pneu- 
monectomy combined with resection of hilar 
and mediastinal lymph nodes); pneumonec- 
tomy combined with resection of contiguous 
structures such as chest wall, diaphragm, etc., 
and exploratory thoracotomy with interstitial 
irradiation. 

In certain instances, the type of operation, 
e.g, resection of the lung and contiguous 
structures or the interstitial irradiation of the 
exposed cancer, will be dictated by the extent 
of the cancer In other instances the pulmo- 
nary reserve of the patient will dictate a more 
conservative operative procedure. 

The exact status of the various operative 
procedures is being evaluated. Individual 
thoracic surgeons have personal convictions 
regarding the indications for and accomp- 
lishments of the various procedures. Weinberg 
(Chap 19), on the basis of studies of the 
distribution of the hilar and mediastinal 
lymph nodes, favors the radical pneumonec- 
tomy Allison [2] and Brock and Whytehead 
[14] also favor the radical pneumonectomy, 
with isolation and division of the pulmonary 
vessels within the pericardium to increase the 
margin between the tumor and the line of re- 
section, Watson [74] reported a mortality rate 
of 13 6 per cent for 125 radical pneumonec- 
tomies. He also reported a 27 per cent five- 
year survival rate for 74 patients subjected 
to radical pneumonectomy, which value, ob- 
tained for selected patients, is not significantly 
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better than the 23 per cent five-year survival 
obtained for 26 patients subjected to standard 
pneumonectomy. 

Johnson. Kirby, and Blakcmorc [40J com- 
pared the accomplishments of radical pneu- 
monectomy with their results obtained by 
standard pneumonectomy in 1 16 patients, and 
call attention to the fact that their five-year 
survival rate of 26.7 per cent equals the 
results obtained by radical pneumonectomy. 
They state that until it can be shown that 
radical pneumonectomy produces superior 
results, the surgeon is not obliged to perform 
the radical operation, and voice their plan to 
continue to perform the standard pneumonec- 
tomy except in instances where extension of 
the procedure is indicated in order to resect 
gross neoplasm. 

When the cancer has spread beyond the 
confines of the lung to involve chest wall or 
bronchus, the prognosis is poor. Overholt and 
Hougas reported a 4 per cent five-year sur- 
vival of 93 patients who had gross extension 
of their cancers. KirMin and his associates 
[42J reported one patient living and well 
five years after resection of the chest wall 
and lung for pulmonary cancer; they advise 
a continuation of resecting contiguous struc- 
tures where technically possible 

In the case of the Pancoast syndrome, the 
upper lobe, with the upper ribs and chest wall 
and part of the brachial plexus, can be re- 
sected [2], 28], Varco [72] combined a fore- 
quarter amputation with pneumonectomy for 
the Pancoast syndrome, retaining the scapula, 
which was used to close the operative defect. 
His patient, however, developed paradoxical 
respiration and respiratory acidosis, and suc- 
cumbed. 

CONSERVATIVE RESECTIONS 

In contrast to the aggressive approach, 
Maier [46] favors a conservative attitude and 
has stated that “the little that can be gained 
by a very radical approach is more than off- 
set by the higher morbidity and mortality, es- 
pecially in those cancers with a very low 
surgical salvage potential, such as the oat-cell 
type." 

Efforts are being made to assess the ac- 
complishments of the more conservative sur- 
gical procedures Lobectomy has been utilized 
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by thoracic surgeons for treating certain pul- 
monary cancers, and the reported results 
seem to indicate that the chances for pro- 
longed survival are not significantly lessened 
by this more conservative procedure (see 
Chap. 22A). In an effort to combine lobec- 
tomy (with the perservation of normal lung 
tissue) and resection of the lymph nodes 
draining the lobe, Cahan has developed the 
“radical lobectomy,” in which the involved 
lobe, the intervening lymphatics, and the 
lymph nodes to which metastases can spread 
are resected (see Chap. 22B). 

It is impossible to compare the reported 
results of the different operative procedures. 
For example, lobectomies are usually per- 
formed in patients with small peripheral 
tumors, whereas pneumonectomy is utilized 
for neoplasms situated closer to the hilus. 
Furthermore, lobectomy is performed in pa- 
tients who are considered poor risks. How- 
ever, certain divergent trends are emerging, 
with some surgeons advocating conservation 
of pulmonary tissue and resection of the 
lymph nodes (Cahan; Overholt and Bougas) 
whereas others advocate an over-all aggressive 
approach (Watson; Weinberg) 

Langston calls attention to the fact that 
since fourteen of his fifteen resected tumors 
presented evidence of blood vessel invasion, 
“further surgical refinements directed toward 
improving the survival of patients with bron- 
chogenic carcinoma might well incorporate 
maneuvers designed to prevent vascular 
spread which could be related to the operation 
itself.” 

PALLIATIVE TREATMENT 

The desire to do something definitive for a 
patient whose lung cancer is found to be in- 
operable at thoracotomy is great Abbey Smith 
[l] advises palliative resection in all such in- 
stances. In his series of forty-eight consecu- 
tive palliative operations with an operative 
mortality of 20 per cent (his operative mortal- 
ity for curative operations was 9 per cent) he 
was encouraged by the results — marked pal- 
liation following removal of the bulk of the 
affected tissue. Further assessment of pallia- 
tive resection in the presence of a high opera- 
tive mortality rate is necessary. The present 
authors have practiced interstitial irradiation 
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of those cancers found to be inoperable at 
thoracotomy (see Chap. 27). 

COMBINED RADIATION THERAPY 
AND SURGICAL RESECTION 

Bromley and Szur [15] of the Hammer- 
smith Hospital (London), treated a series of 
patients by radical medium voltage radiation 
therapy, giving an average tumor dose of 
4,700 r in 42 days. Sixty-six patients who had 
been considered inoperable became candi- 
dates for resection of their cancers; the op- 
erative mortality of this group was 10 per 
cent. Thirty-eight patients died with cancer 
present, and eleven are alive for variable 
periods, apparently free of cancer. This re- 
port calls attention to the fact that certain 
patients considered inoperable should be re- 
evaluated as to their operability following 
radiation therapy. 

PRESENT STATUS OF TREATMENT 
OF PULMONARY CANCER 

Are more patients being cured of their pul- 
monary cancers today than in the past? Avail- 
able data do not seem to indicate that they are, 
in significant numbers. 

Churchill [23] states that though more pa- 
tients come to operation (55 per cent of pa- 
tients seen between 1950 and 1957 as compared 
with 43 per cent of those seen between 1930 
and 1950) and the resectability rate has in- 
creased (35 per cent for the more recent senes 
as contrasted with 25 per cent for the earlier 
series), there was no significant change in 
the survival rate of the two series, this remain- 
ing the same when the factor of operative 
mortality was excluded. 

Burford, Ferguson, and Spjut [17] do not 
believe that patients with lung cancer arc 
being seen earlier; in fact, the resectability 
rate at Barnes Hospital (St. Louis) has de- 
creased. Between 1948 and 1952 the resecta- 
bility rate was 39.5 per cent and in their 
later senes, 1952-1955, the resectability rate 
was 32 3 per cent. 

Bloomer and Lindskog [9] reported on three 
consecutive series of one hundred patients 
each, the first admitted to the New Haven 
Hospital between 1938 and 1943, the second 
between 1943 and 1946, and the third be- 
tween 1947 and 1949. They concluded that 
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there is little reason for optimism concerning 
earlier diagnosis and the results of treatment. 
The average duration of symptoms before ad- 
mission was the same for the three scries (an 
over-all average of 7.4 months). There was 
a slight increase in the percentage of patients 
explored; there was a greater tendency to at- 
tempt palliative resection; 65 per cent of the 
patients explored in the third scries had re- 
sections performed in contrast to 37 per cent 
in the first scries There was no great improve- 
ment in the five-year cure rate for the three 
scries. 

The over-all increase in the resectability 
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rate, the lowered mortality rate, and the ob- 
servation that a significant number of patients 
have cancers limited to the lung should yield 
a higher five-year survival rate. The extremely 
low mortality rate associated with explora- 
tory thoracotomy dictates that this definitive 
procedure be performed in any patient who 
is a cancer suspect. A current five-year sur- 
vival rate of 34 per cent {59] for patients 
whose cancers arc localized to the lung should 
stimulate every effort toward earlier and ade- 
quate treatment of patients harboring pul- 
monary cancer. 



CHAPTER 19 


Radical Pneumonectomy in the Treatment of 
Bronchogenic Carcinoma 

Including Dissection of Mediastinal Lymph Nodes 
Joseph A. Weinberg 


The ideal treatment of bronchogenic car- 
cinoma consists of the total removal of the 
involved lung together with the thorough 
extirpation of its regional lymphatics and 
lymph nodes. Experience has shown that the 
planned removal of distant and obscured 
lymphatics is not only feasible but actually 
simplifies the procedure of pneumonectomy by 
clearly exposing the blood vessels of the hilus 
for their easier ligation and division [2, 4, 8, 
16, 17]. A prerequisite for that part of the 
operation of radical pneumonectomy which 
concerns the removal of the regional lymph 
nodes is a knowledge of the mediastinal 
lymphatics; therefore, a large part of this 
chapter will deal with the location of the 
lymph nodes and their relationship to each 
other and to the lungs. 

SURGICAL ANATOMY OF THE 
JNTRATHORACIC LYMPH NODES 

For the purposes of the surgeon, the medi- 
astinal lymph nodes are best described by 
beginning with the nodes situated most periph- 
erally within the thorax and progressing 
toward the nodes of the roots of the lungs, 
this being the order in which the lymphatics 
should be approached surgically in a well- 
planned operation for carcinoma (Figures 19- 
1 to 19-8). 

lymphatics of the Right Hemithorax 
UPPER MEDIASTINAL LYMPH NODES 

The upper mediastinal lymphatics include 
the nodes that are superior to the root of the 
lung. 

Located at the highest region within the 


thorax is the right anterior mediastinal group 
made up of the nodes at the termination of 
the subclavian vein, the nodes in front of the 
right innominate vein, and the nodes over- 
lying the upper portion of the superior vena 
cava. There are also important lymph vessels 
along the course of the phrenic nerve in this 
region. 

Medial and deep to the anterior mediastinal 
lymph nodes is a group of paratracheal nodes 
situated partly between the trachea and the 
superior vena cava, and partly between the 
trachea and the esophagus. The nodes in this 
group are in close relationship with the right 
recurrent nerve as it winds around the right 
subclavian artery. 

The para-azygos nodes are situated at the 
junction of the azygos vein with the superior 
vena cava, one lying inferior and another 
lying superior to the azygos vein. The su- 
perior para-azygos node is not constant. 

Medial and posterior to the para-azygos 
nodes are the lower paratracheal nodes, sev- 
eral in number, lying partly between the lower 
portion of the trachea and the superior vena 
cava, and partly between the pulmonary 
artery anteriorly, the trachea posteriorly, and 
the right side of the aortic arch medially. 

In addition to these nodes, there are two 
principal chains of intercostal nodes, one 
situated posteriorly along the vertebral margin 
and designated as the paravertebral chain, 
and the other situated anteriorly along the 
sternal margin and described as the internal 
mammary chain. There are also inconstant 
nodes in the intercostal spaces midway be- 
tween the two principal intercostal chains. 

The lymph from the upper mediastinal 
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nodes terminates in the nodes of the sub- 
clavian triangle of the neck and in the lymph 
vessels that empty into the venous circulation 
at the confluence of the subclavian and in- 
ternal jugular veins. 

LOWER MEDIASTINAL LYMPH NODES 
These comprise the nodes inferior to the 
root of the lung. 

The lowermost nodes within the right hcmi- 
thorax arc the anterior diaphragmatic or 
paraphrenic, which lie just anterior to the 
inferior vena cava at the site of entrance of 
the phrenic nerve to the diaphragm These 
nodes do not normally receive l)mph from 
the lung, but they arc included here because 
of the frequency of extension of broncho- 
genic cancer along this pathway Also, a com- 
munication of this pathway with the lung can 
be demonstrated by means of vital staining. 

Situated close to the undersurface of the 
inferior pulmonary vein arc the nodes of the 
pulmonary ligament. This group of from one 
to three nodes lies embedded in areolar tissue 
between the pleural leaves which form the 
pulmonary ligament. For the purposes of the 
surgeon, these nodes may be regarded as 
forming a continuous chain with the para- 
esophageal nodes which lie along the right 
side of the esophagus The paraesophageal 
chain in its entirety makes up the greater 
part of the posterior mediastinal chain. 

The subcarinal (inferior tracheobronchial) 
group is a large aggregate of nodes that lies 
immediately under the carina and extends 
for a distance of approximately 2 cm. onto the 
undersurface of each bronchus. There are 
usually five to seven nodes in the group, as 
many as ten have been removed from this 
region during surgery. There is no line of 
demarcation between the right and left com- 
ponents, and they are best considered as a 
unit for surgical purposes. Most, if not all, 
of the subcarinal nodes are surgically acces- 
sible from either the right or the left hemi- 
thorax without entering the opposite pleural 
space. 

LYMPH NODES OF THE PULMONARY 
H1LUS 

There are several prominent hilar nodes 
interspersed between the hilar vessels and the 
bronchus, and varying from five to ten in 


number. Some arc more easily approached 
from the anterior aspect of the htlus, and 
others from the posterior aspect. They are 
important surgically because most of the 
lymph from the lung passes through them 
before reaching the more distant mediastinal 
nodes. 

Lymphatics of the Left Hemithorax 

UPPER MEDIASTINAL LYMPH NODES 

Located in the region of the cupola of the 
pleura and lying immediately under the 
parietal pleura arc the nodes in the space be- 
tween the subclavian artery and the common 
carotid artery, the nodes along the left side 
of the innominate vein, and the nodes on the 
antcrosuperior aspect of the arch of the aorta. 
These nodes collectively comprise the anterior 
mediastinal group. The lymphatics ac- 
companying the phrenic nerve in this region 
arc important from the surgical view. Usually 
there arc no lymph nodes along the upper 
thoracic portion of the phrenic nerve, but 
the lymph vessels that regularly accompany 
the nerve may act as pathways of spread of 
bronchogenic cancer 

Medial and deep to the anterior medi- 
astinal nodes is the left paratrachcal group 
situated along the left side of the trachea and 
partially obscured by the ascending and 
transverse portions of the aortic arch. 

Approaching the hilus, the next collection 
of lymph nodes encountered is the important 
group within the space formed by the arch 
of the aorta and the left pulmonary artery. 
They are frequently the site of metastascs in 
advanced eases of carcinoma of the left lung. 
These nodes will be described in succeeding 
paragraphs as the nodes of the aortic window. 
One of the nodes in this space lies between the 
ligamentum arteriosum and the recurrent 
nerve as the latter leaves the vagus nerve to 
pass around. the aortic arch. The nodes of the 
aortic window merge with those lower para- 
trachcal nodes that are partially obscured by 
the ascending portion of the aortic arch. 

LOWER MEDIASTINAL LYMPH NODES 

The diaphragmatic nodes, the lymphatics 
along the lower part of the phrenic nerve, and 
the nodes of the pulmonary ligament on ihe 
left side are arranged in a pattern almost 
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The ulc.il treatment of bronchogenic car- 
cinoma consists of the total removal of the 
involved lung together with the thorough 
extirpation of its regional lymphatics and 
lymph nodes. Experience has shown that the 
planned removal of distant and obscured 
lymphatics is not only feasible but actually 
simplifies the procedure of pneumonectomy by 
clearly exposing the blood vessels of the hilus 
for their easier ligation and division 12, 4, 8, 
16, 17J. A prerequisite for that part of the 
operation of radical pneumonectomy which 
concerns the removal of the regional lymph 
nodes is a knowledge of the mediastinal 
lymphatics; therefore, a large part of this 
chapter will deal with the location of the 
lymph nodes and their relationship to each 
other and to the lungs. 

SURGICAL ANATOMY OF THE 
INTRATHORACIC LYMPH NODES 

For the purposes of the surgeon, the medi- 
astinal lymph nodes are best described by 
beginning with the nodes situated most periph- 
erally wilhin the thorax and progressing 
toward the nodes of the roots of the lungs, 
this being the order in which the lymphatics 
should be approached surgically in a well- 
planned operation for carcinoma (Figures 19- 
1 to 19-8). 

Lymphatics of the Right Hemithorax 

UPPER MEDIASTINAL LYMPH NODES 

The upper mediastinal lymphatics include 
the nodes that are superior to the root of the 
lung* . . 

Located at the highest region within the 


thorax is the right anterior mediastinal group 
made up of the nodes at the termination of 
the subclavian vein, the nodes in front of the 
right innominate vein, and the nodes over- 
lying the upper portion of the superior vena 
cava. There arc also important lymph vessels 
along the course of the phrenic nerve in this 
region. 

Medial and deep to the anterior mediastinal 
lymph nodes is a group of paratracheal nodes 
situated partly between the trachea and the 
superior vena cava, and partly between the 
trachea and the esophagus. The nodes in this 
group arc in close relationship with the right 
recurrent nerve as it winds around the right 
subclavian artery. 

The para-azygos nodes arc situated at the 
junction of the azygos vein with the superior 
vena cava, one lying inferior and another 
lying superior to the azygos vein. The su- 
perior para-azygos node is not constant. 

Medial and posterior to the para-azygos 
nodes arc the lower paratracheal nodes, sev- 
eral in number, lying partly between the lower 
portion of the trachea and the superior vena 
cava, and partly between the pulmonary 
artery anteriorly, the trachea posteriorly, and 
the right side of the aortic arch medially. 

In addition to these nodes, there are two 
principal chains of intercostal nodes, one 
situated posteriorly along the vertebral margin 
and designated as the paravertebral chain, 
and the other situated anteriorly along the 
sternal margin and described as the internal 
mammary chain. There are also inconstant 
nodes in the intercostal spaces midway be- 
tween the two principal intercostal chains. 

The lymph from the upper mediastinal 
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exist between the anterior mediastinal nodes Except for the differences that have been 


of the two sides; however, extension of car- 
cinoma to the opposite side by way of this 
communication is relatively infrequent in the 
early stages of the neoplasm. 

The lower paratrachcal nodes, the right 
half of the subcarinal nodes, the inferior hilar 
nodes, the nodes of the pulmonary ligament, 
and the lower paraesophageal nodes all re- 
ceive lymph from the lower half of the right 
lung, including the lower half of the middle 
lobe. The normal drainage is mostly through 
the inferior hilar nodes before reaching other 
groups, with some of the lymph passing to 
the paraesophageal nodes without the inter- 
mediation of the lower hilar nodes. The 
lymph then passes through the higher para- 
trachea! plexus to reach the terminal lymph- 
atics m the subclavian triangle 

Lymph from the parietal pleura is relayed 
chiefly through the diaphragmatic and inter- 
costal lymphatics to the lymph nodes and 
lymph vessels of the subclavian triangle. These 
routes concern the surgeon m eases in which 
the cancerous lung becomes adherent to the 
parietal wall. 

Communications with the lymphatics along 
the lower part of the phrenic nerve will be 
discussed under surgical pathology. 

Pulmonary Lymphatics of the 
Left Hemithorax 

The mediastinal nodes of the left hemi- 
thorax differ in several important respects 
from those of the right side. There arc no 
veins on the left side that correspond to the 
superior vena cava and the azygos vein; hence, 
there are no corresponding paravenous nodes. 
Instead, there is the important group of nodes 
within the aortic window that receive lymph 
from the upper part of the left lung and relay 
it to the paratrachcal and anterior mediastinal 
nodes. 

Another noteworthy difference is that a part 
of the lymph from the lower half of the left 
lung is relayed through the subcarinal nodes 
to the right paratracheal nodes. This affords 
a second natural route for the extension of 
cancer from one side of the thorax to the 
other, the first being the communication be- 
tween the anterior mediastinal nodes of the 
two sides, already described. 


noted, the general plan of drainage is the same 
for the left side as it is for the right. 

A detailed knowledge of the direction of 
drainage of lymph from the several segments 
of each lung is important for an understand- 
ing of disease processes, but it is not par- 
ticularly applicable in the performance of the 
operation of radical pneumonectomy. Cancer 
originating in any part of the lung may spread 
in any direction within the hemithorax, re- 
gardless of normal directions of drainage. To 
limit the lymphatic dissection according to 
the norma! drainage pattern of the particular 
region of the lung that is involved would be 
as illogical as to limit the resection for breast 
cancer according to the quadrant of the breast 
that is involved. For this reason it is much 
more important for the surgeon to be familiar 
with the location of the several groups of re- 
gional lymph nodes of the lung than it is for 
him to know the details of the direction of 
the flow of lymph. 

SURGICAL PATHOLOGY OF THE LUNG 

In some respects carcinoma of the lung is 
more vulnerable to surgical attack than is car- 
cinoma in other situations. Most of the re- 
gional lymphatics of the lungs arc situated 
within their respective hemilhoraxcs, and al- 
though there arc cross communications be- 
tween the two sides, metastatic invasion by 
way of these cross routes is not commonly 
seen [9, 10] It is not unusual to find that the 
gross evidence of bronchogenic carcinoma re- 
mains confined to the hemithorax even at the 
time of death of the untreated patient [14]. 
On the unfavorable side, the lymphatic spread 
may be in any direction within the hemithorax 
and, as often as not, it occurs along pathways 
contrary to the normal direction of lymph 
flow. An example of this is seen in the retro- 
grade extension of carcinoma to the lymph 
nodes in juxtaposition with the phrenic nerve, 
often with resulting paralysis of the dia- 
phragm. 

Paratrachael and other mediastinal nodes 
may become so enlarged with metastases that 
they cause severe circulatory and respiratory 
embarrassment. Although metastases in this 
location would indicate that the carcinoma 
has extended beyond the bounds of curative 
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identical with that of the corresponding 
groups on the right side, and do not need 
further description. The left paraesophageal 
nodes lie between the descending aorta and 
the esophagus, and can be exposed only after 
ligating and dividing the overlying arteries 
that pass from the aorta to supply the esopha- 
gus. There arc also small but significant 
arteries from the aorta that supply the para- 
esophageal nodes. 

The hilar nodes correspond to those of the 
right side in their anatomic arrangement; 


fotratfioradc Tumors 

here is based on investigations made with 
vital staining of the lymphatics during sur- 
gcry JlfiJ, on observations of the distribution 
of mctastascs to the lymphatics in advanced 
eases of bronchogenic cancer (6, 9, 10, 121, 
and on reviews of the works of Rouviire and 
of Del a mere, Poirier, and Cun£o (figure 
19*1). 

The lymphatics of the pulmonary paren- 
chyma nrc divided into two plexuses', the 
superficial, which drains first to the pleura 
and then to the nodes of the hilus; and the 
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however, there are significant differences in 
pathways of drainage that will be discussed 
later. 

The arrangement of the nodes of the pari- 
etal wall of the left hemithorax follows the 
same general pattern as that of the corre- 
sponding groups on the right side. 

lymphatic drainage of the lung 

Only the gross description of the direction 
of the flow of lymph between the lungs and 
the intrathoracic lymph nodes will be given 
here, and the reader is referred to the works 
of Miller [11], of Rouvifcre [15], and of 
Delamere, Poirier, and Cuneo [5] for more 
detailed descriptions. The description given 


deep, v/hich drains through lymph channels 
and nodes along the blood vessels and bronchi 
within the lung to the hiius. 

Pulmonary Lymphatics of 
the Right Hemithorox 
The lymph from the upper half of the 
right lung passes to the para-azygos and para- 
tracheal lymph nodes both directly and 
through the superior hilar nodes. Direct com- 
munications exist between the pata-azygo s 
nodes and the anterior mediastinal nodes, and 
between the paratracheal and the anterior 
mediastinal nodes. In the latter communica- 
tion, lymph may pass in either direction be- 
tween the two groups. Connecting pathways 
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and that the opportunity for surgical cure is 
greatly reduced, if it is not lost entirely. 

TECHNIC OF RIGHT RADICAL 
PNEUMONECTOMY 

The description given here is concerned 
particularly with the performance of the pneu- 
monectomy and dissection of the mediastinal 
lymph nodes. Details concerning anesthesia, 
preoperative and postoperative care, bronchial 
closure, and ligation of major s'csscls arc gen- 
erally omitted. The reader is referred to Chap- 


extending from the parasternal to the mid- 
scapular line, and the ribs arc spread by 
means of a hcavy-bladed self-retaining retrac- 
tor of the Fmochictto type It is not necessary 
to resect or divide any of the ribs if a long 
intercostal incision is used. 

MEDIASTINAL AND HILAR DISSECTION 
The mediastinum is carefully examined for 
evidence of gross lymphatic metastascs, to de- 
termine whether or not a radical pneumo- 
nectomy should be attempted. Spread of 



Ffg 19 2 Right radical pneumonectomy, anterior mediastmol ond pora-axygoi nodei. The dis- 
section begins in the uppermost region in the right hemithorox Alter obtaining exposure through 
the Filth intercostal space, the mediasfinol pleura is incised from the cupola to the hllus of the lung 
to expose the mediastinal lymph nodes 


ters 13 and 14 for details of anesthesia and 
preoperative and postoperative care 

SURGICAL APPROACH 

The true lateral approach is especially 
suited for exposure and resection of the me- 
diastinal lymphatics and for division of the 
structures of the pulmonary root. However, 
no special difficulties are encountered with the 
anterior or posterolateral approach, and the 
choice may be left to the individual prefer- 
ence of the surgeon. 

With the patient in the lateral position, an 
incision is made through the fifth interspace 


cancer beyond the hilar nodes usually pre- 
cludes any possibility of curative resection. 

The resection begins with the mediastinal 
lymphatics in the uppermost portion of the 
hemithorax. An incision is made in the me- 
diastinal pleura over the site of origin of the 
subclavian artery and it is extended along the 
superior vena cava to the hilus of the lung 
(Figure 19-2) This maneuver will expose the 
nodes in juxtaposition with the right sub- 
clavian artery and vein and the right innomi- 
nate vein. These nodes and the nodes along 
the upper part of the phrenic nerve, which 
together constitute the anterior mediastinal 
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extirpation, it it justifiable in some Instances 
to remove the enlarged nodes in order to re* 
lieve the pressure that they exert on the tra- 
chea and the great vessels. 

Cancerous invasion of the costal ssall oc- 
curs most often ns a result of fusion of a 
peripheral cancer of the lung to the parietal 
pleura. The invasion of the nhs and soft tis- 
sues takes place by direct extension and by 
lymphatic infiltration, with the latter probably 
occurring through newly formed lymphatic 
anastomoses in the adhesions bctssccn the 
lung nnd the parietal wall |I3). In this situa- 
tion, it is possible to stain intercostal nodes by 
injecting a vital dye into the lung near the 
site of its abnormal attachment to the thoracic 
wall. It is not possible to stain the intercostal 
nodes by this method in the absence of ad- 
hesions between the lung and the costal wall. 
Adhesions that may contain cancer arc of 
particular concern to the surgeon who is in- 
tent on performing an adequate operation. It 
must be assumed in these eases that the can- 
cer has invaded the thoracic wall beyond the 
pleural membrane and that an adequate oper- 
ation must include a generous portion of the 
thoracic wall to the subcutaneous tissue, to- 
gether with the anterior and posterior chains 
of intercostal lymph nodes (sec Chap. 23). 

Involvement of the ribs and vertebrae may 
be logically explained on the basis of exten- 
sion of the carcinoma by way of the lym- 
phatics. If the bony involvement occurred as 
the result of hematogenous spread, one would 
expect unpredictable and distant involvement 
to be commonplace. Instead, the most fre- 
quent sites of osseous involvement are the 
ribs and the vertebrae [10] Burke [3] has 
shown that lymph channels in the parietal 
pleura communicate with the lymph channels 
of the thoracic wall, and that lamp black and 
fluorescent colloids injected into the pleural 
space are taken up in sufficient quantity to be 
demonstrable five days later in the parasternal 
and paravertebral nodes. He also found in re- 
viewing a group of cases of tuberculous caries 
of the spine that pleuritis is frequently a 
precursor of the disease, and that there is good 
reason to believe that the vertebral involve- 
ment has its origin in involvement of the 
nodes that are in juxtaposition with the bodies 
of the involved vertebrae. This line of rea- 


soning applies equally well to the spread of 
bronchogenic cancer. Costal involvement is 
not a contraindication to surgery if the me- 
diastinal nodes arc not grossly involved and 
the thoracic wall can he excised cn bloc well 
bqond the gross evidence of the cancer. In 
this situation, the surgeon assumes that there 
is a potential or actual involvement of the 
anterior and posterior chains of intercostal 
nodes and deals with them accordingly. These 
chains arc rarely involved with metastases of 
bronchogenic carcinoma in the absence of ad- 
herence of the primary cancer to the thoracic 
wall. 

Involvement of the cervical sympathetic 
plexus, resulting in a Homer's syndrome, and 
involvement of the recurrent nerve are almost 
always contraindications to surgery because 
of the likelihood that the carcinoma has ex- 
tended bejond the field of surgical exposure. 

Comment should he made here on the role 
of lobectomy. It is evident from the unpre- 
dictable extensions of bronchogenic carci- 
noma that lobectomy cannot be regarded as 
more than a palliative procedure. An adequate 
removal of the l)mphatics cannot be per- 
formed with a partial removal of the lung, 
since many of the nodes would remain ob- 
scured and inaccessible as long as one of the 
lobes remains. Even if it were possible to re- 
move the nodes that are known to be in the 
pathway of the norma! flow of lymph from 
the involved lobe, the procedure would fail i n 
its purpose because the direction of spread of 
carcinoma is frequently retrograde and other- 
wise contrary to the normal direction of flow. 
There arc instances in which the resection 
must be limited to lobectomy because of the 
poor respiratory function of the patient. In 
these eases the resection is to be regarded as 
a limited procedure for the handicapped pa- 
tient who cannot tolerate the removal of an 
entire lung. 

The ideal method of dealing with the lym- 
phatics in the surgical treatment of cancer of 
the lung is to anticipate which nodes are most 
likely to become involved, and deal with them 
before they show gross evidence of metas- 
tases. Once the involvement of the nodes is 
apparent to the naked eye it is almost certain 
that microscopic extension has occurred to 
distant nodes beyond the reach of the surgeon, 
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with the nerve and its associated Ijmphatics 
to assure the wide removal of the latter struc- 
tures. 

The pleura over the anterior aspect of the 
hilus is now' incised close to the pericardium, 
and the pulmonary artery is freed in its cir- 
cumference. It has already been exposed in 
the greater part of its course during the re- 
moval of the lower paratrachcal nodes and all 
that remains is to separate it from the superior 
pulmonary vein. This is accomplished by 
finger and forceps dissection. The pulmonary 


The surgeon now- leaves the upper field and 
directs his attention to the region of the 
branching of the phrenic ncnc on the surface 
of the diaphragm, just anterior to the inferior 
vena cava. The nodes in this location and the 
areolar tissue in which they he are dissected 
from the diaphragm and are carried in con- 
tinuity with the phrenic nerve and its associ- 
ated Ivmphatics to the pulmonary root in the 
same manner as described for the dissection 
of the upper part of the nerve (Figure 19-5). 
In the course of this separation the one or two 



Fig 19-4. Right radical pneumonectomy. Poro-orygoj end lower porotrocheol rode 
dissection Tbe orygos vein hos been divided between ligatures ond the poro-arygoi 
nodes (barred figures) hove been excised. The lower porafraeheol nodes ore exposed 


for removal by retracting the lower part 
Following the lower poratrocheal dissection 
transfixion sutures and ligatures 

arteiy is now ligated and transfixed proxi- 
mity and distally, and divided. The division 
,s made close to the mediastinum to assure a 
thorough removal of the Ijmph nodes from 
this region. The nodes that remain attached 
over the pulmonary artery are dissected 
toward the lung to maintain the block resec- 
tion. At this stage the bronchus, which lies 
clearly exposed in the field of operation, is 
occluded by means of a heavy ligature to pre- 
sent secretions from entering the opposite 
bronchus. 


of the superior vena cava medialward. 
the pulmonary artery Js divided between 


nodes situated near the phrenic nerve as it 
lies on the pericardium are included. It is not 
necessary to remove the full thickness of the 
pericardium to accomplish the removal of the 
lymphatics that accompany the phrenic nerve 
in this region. On reaching the hilus the nerve 
is dissected toward the lung in order to main- 
tain the dissection in continuity. 

The pulmonary ligament is now divided 
close to its attachment to the pericardium. 
The right side of the esophagus is exposed at 
the same time so that all of die nodes within 
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group, arc excised together with areolar tissue 
in which they are embedded (Figure 19-3). 
This is accomplished, as much ns possible, by 
sharp dissection, blood vessels to the larger 
nodes arc divided between clamps and ligated. 
The upper part of the superior vena cava is 
now retracted medially to expose the higher 
right paratrachcal nodes (Figure 19-3). These 


Intratlioradc Tumors 
Oo/ing from very small blood vessels that con- 
tinues for more than two or three minutes is 
controlled by the application of processed 
fibrin moistened with thromboplastin. 

The azygos vein is now cleared of its over- 
lying pleura and is divided between ligatures. 
The one or two nodes lying at the junction of 
the azygos vein with the superior vena cava 



yet excised ore indicated by solid-bfack figures. 

nodes, which he in the space between the 
trachea and the vagus nerve, are removed in 
continuity with the subclavian and innominate 
nodes, thus maintaining the block dissection. 
An attempt is made to include a node that lies 
deeply posterior and medial to the beginning 
of the subclavian artery. This node, which is 
the highest of the paratracheal group, lies in 
close relationship with the vagus and recur- 
rent nerves. The nerves are identified and pro- 
tected during this phase of the dissection. 


are excised either before or after dividing the 
azygos vein. The lower half of the superior 
vena cava is retracted medially to expose the 
lower paratracheal nodes which lie between 
the superior vena cava and the trachea, and 
between the right pulmonary artery, the right 
side of the aortic arch, and the trachea (Fig- 
ure 19-4). The phrenic nerve and its ac- 
companying blood vessels, lymph channels, 
and lymph nodes are dissected free to the 
hilus. A strip of mediastinal pleura is included 
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his region may be brought into view and in- 
cluded in the resection {Figure 19-5). Al- 
hough a distinction is made between the 
lodes of the pulmonary ligament and the 
saracsophagcal nodes in most anatomic de- 
scriptions, they are best considered as a single 
aggregate for surgical purposes. 

The hilar nodes in juxtaposition with the 
pulmonary veins are exposed and dissected 
toward the lung (Figure 19-6). After bnng- 


Jishcd. It cannot be overemphasized that the 
ligation of the major vessels of the pulmo- 
nary root should always be performed proxi- 
mal to their branchings in order to include all 
the hilar nodes. 

There remains the important group of sub- 
carinal nodes that he under the Carina and 
the right and left bronchi. They arc exposed 
by retracting the lung laterally (Figure 19*7). 
The resection of these nodes is started on the 



Fig 19 7 Right radical pneumonectomy Dissection of tho sub- 
carinol nodes The subcorinol nodes ore the finol group to be re- 
moved before dividing the bronchus, which is the only remoimng 
bridge between the lung and mediastinum This group of nodes is 
exposed by retracting the lung laterally The dissection includes the 
nodes on the undersurface of the bifurcation of the trachea and on 
the undersurface of the right ond left main bronchi 


tng the inferior pulmonary vein clearly into 
view, it is divided between ligatures and trans- 
fixion sutures. The division is made between 
the pericardium and the first branching of the 
vein If the cxtrapcricardial portion of the 
vein is short, it is divided within the peri- 
cardial sac to permit the thorough removal of 
the lymphatics in this region [1, 7] The su- 
perior pulmonary vein is dealt with in the 
same manner. Hilar nodes that lie on the 
posterior aspect of the root of the lung are 
dissected away from the mediastinum toward 
the lung, if this has not already been accomp- 


undcrsurfacc of the left bronchus and is ear- 
ned cn bloc well onto the undersurface of the 
right bronchus. It is not difficult to expose 
the left bronchus for this part of the dissec- 
tion if firm lateral traction is made on the 
right lung. The bronchial vessels are now di- 
vided between clamps and ligated, and the 
bronchus is divided within 0 5 cm of the tra- 
chea. No attempt is made to plcuralizc the 
bronchia] stump after its closure. If a suf- 
ficiently radical resection has been performed, 
so much of the mediastinal pleura will have 
been removed with the lymphatics that pleu- 
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Fig 19-5. Right rodicol pneumonectomy The lower med.astinol dissection begins with the 
freeing of the phrenic nerve end lt» associated lymph nodet from the diaphragm and peri- 
cordium. The nodet of the pulmonary ligament ond the poraeiophogtal nodes ore exposed 
for removal by dividing the pulmonary ligament dose to the pericardium. 



Fig. 19-d Right rodicol pneumonectomy Dissection of the hilar nodes. The 
paraphrenic and paraesophageal nodes, and the nodes of the pulmonary ligament 
(barred figures), have been resected en bloc The hilar nodes are exposed anter- 
iorly and posteriorly ond are resected concomitantly with the ligation and division 
of the pulmonary veins. (Only the anterior hilar exposure is illustrated.) 
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dissection. A part of the lymph from the lower 
half of the left lung drains to the fight para- 
tracheal nodes by way of the subctmnal 
nodes; therefore, from a theoretic considera- 
tion, it is more important that the right half 
of the subcannat nodes be removed in per- 
forming a radical left pneumonectomy than 
that the left half of the subcannal nodes be 
removed in performing a radical right pneu- 
monectomy. Actually, experience indicates 
that thoroughness in the suhcarinal dissection 


cancer has extended through the parietal 
pleura by direct invasion or through newly 
formed lymphatic channels {131. If the sur- 
geon does not lind evidence of extensive in- 
volvement of intercostal nodes, and the cancer 
is in a location that permits wide removal of 
the costal w.ill beyond the limits of the lesion, 
the first stages of the operation arc pro- 
ceeded with in the manner that has been 
described for the mediastinal dissection and 
the (imputation of the lung. During these 



Fig 19-8. l*fl radical pn»umon»ctomy Upper mediaitlnal region After exciting the 
anterior mediattinal, paraphrenic, and upper paratracheal lymph nodei (barred 
figure*), the nodei of the aortic window are removed. Thli detection li facilitated by 
dividing the ligamentum arlerioium between ligatures Injury to the recurrent nerve 
Is guarded against during this phase of the dissection. The lower mediastinal lymph 
node dissection Is essentially the same o* for the right hemlthorax. 


is equally important in dealing with cancers 
of the right lung, since cases that come to 
necropsy occasionally show evidence of spread 
from the right lung to the left paratracheal 
nodes through the intermediation of the suh- 
carinal nodes. 

RADICAL PNEUMONECTOMY WITH 
INCLUSION OF A PORTION 
OF THE COSTAL WALL 

Invasion of the costal wall by cancer is not 
necessarily a contraindication to radical sur- 
gery. In these cases it is assumed that the 


stages of the operation the lung is left at- 
tached to the thoracic wall in order to main- 
tain the block dissection (Figure 19-9). 

After completion of the nodal dissection 
and the amputation of the lung, incisions arc 
made through the parietal pleura in a quad- 
rangular design well beyond the limits of the 
attachment of the lung to the parietal wall. 
The latitudinal incisions arc made at least one 
full costal segment beyond the site of the car- 
cinomatous attachment. The longitudinal in- 
cisions are made beyond the anterior and 
posterior intercostal lymphatic chains so that 
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ralization of the bronchial Mump cannot be 
accomplished. There has been no increase In 
the incidence of bronchial fistula since we 
have abandoned the procedure of plctiralizing 
the bronchial stump. On the contrary, the Inci- 
dence has decreased, owing probably to im- 
provements in the technic of suturing the 
bronchial stump. 

POSTOPERATIVE DRAINAGE 

The operation of radical pneumonectomy 
reopens the question of whether or not post- 
operative drainage of the pleural space should 
be used. Extensive removal of the mediastinal 
pleura frequently results in emphysema of the 
thoracic wall, neck, and arms owing to ex- 
pansion of the air that is trapped in the 
pleural space. Although the emphysema is 
limited in its extent and severity, the discom- 
fort and apprehension it causes in the patient 
make it advisable to provide drainage during 
the first two or three days following opera- 
tion. This is done by introducing a right-angled 
No. 32-French rubber catheter into the third 
interspace anteriorly at the mid-clavicular 
line and connecting it with a water-seal bottle 
placed at floor level. By this simple expedient, 
air remaining in the pleural space after closure 
of the thoracic wall will escape through the 
tube rather than into the parietal tissues 
through the depleuralizcd mediastinum. An 
alternative to the use of closed intercostal 
drainage is occasional needle aspiration of the 
pleural space during the first two or three 
postoperative days. 

TECHNIC OF LEFT PNEUMONECTOMY 

An intercostal incision is made in the fifth 
space in the same manner as described for 
the right side. After freeing the lung from 
existing adhesions that are considered to be 
free from cancerous invasion, the operation 
within the thorax is begun at the pleural 
cupula. 

MEDIASTINAL AND HILAR DISSECTION 

An incision is made through the parietal 
pleura at the apex and is carried downward 
to the hilus of the lung, following a course 
parallel and 1 cm lateral to the phrenic nerve, 
at first over the left innominate vein and then 
over the right side of the arch of the aorta. 


Intralhoradc Turnon 
The nerve and Its associated blood vessels and 
lymphatics arc divided at their highest point 
within the thorax and arc dissected toward 
the hilus with the strip of mediastinal pleura 
to which they arc fixed. The left innominate 
vein and the origins of the common carotid 
and subclavian arteries arc exposed, and the 
nnterior mediastinal nodes and areolar tissue 
in the region arc excised. The nodes included 
in this part of the resection arc a subclavian 
node between the subclavian and common 
carotid arteries at their origins, nodes along 
the left side of the left innominate vein, and 
a node on the supreme aspect of the aortic 
arch. Blood vessels that supply the l)mph 
nodes arc ligated and clamped as they arc en- 
countered. 

Continuing the dissection infcriorly, the 
left paratracbcal nodes that lie along the 
lateral and posterior aspects of the trachea 
nrc removed as thoroughly as the overling 
arch of the aorta will permit. The dissection 
now centers on the important region of the 
aortic arch (Figure 19-8). The nodes in *lj e 

aortic window- (the space bounded by the aortic 

arch above and the pulmonary artery 
low) arc thoroughly removed together with 
their adventitia. During this part of the dissec- 
tion great care is exercised to avoid injury to 
the recurrent nerve as it winds around the 
aorta. It is advisable to divide the hgamentum 
artenosum between ligatures to facilitate the 
exposure and removal of the nodes in ju*a- 
position with it. By continuing the dissection 
deeply into the space, it is possible to remove 
most if not all of the left paratracheal nodes 
that have not been removed in the higher 
dissection. It is usually not possible to recog- 
nize a dividing line between the right and 
left lower paratracheal nodes while perform- 
ing this part of the dissection, and caution 
should be exercised against carrying the dis- 
section so far to the right that there is danger 
of entering the right pleural space. The dif- 
ficulty of removing the nodes in this region is 
the weakest link in the left mediastinal dis- 
section. 

The remainder of the dissection is per* 
formed in the same manner as for the lower 
and middle portions of the mediastinum and 
hilus on the right side One special point 
should be stressed in regard to the subcarinal 
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be rewarding. Of twenty-five radical pneu- 
monectomies performed in our clinic from 
1948 to 1953 for resectable bronchogenic car* 
cinoma, the trend in terms of longevity has 
been very favorable. Eleven of the patients 
were alive five years or more after operation. 
Seven of these remain alive with no evidence 
of cancer for periods of five to eight years. 
Only two of the patients surviving more than 
five years showed evidence of cancer at the 
time of death. Both of these patients had evi- 


dence of spread of cancer beyond the lung at 
the time of pneumonectomy. Two other pa- 
tients who showed mctastascs at the time of 
resection remain alive and well, one for five 
years, the other for seven years. While these 
numbers arc small, they show a greater per- 
centage of survivals than corresponding 
groups of eases in which simple pneumo- 
nectomy was performed. These results were 
accomplished with a surgical mortality of 12 
per cent. 
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Chose nodes will be included in the rejection. 
The ribs that arc to he sacrificed arc divided 
anteriorly at or through the costal cartilages 
and posteriorly at their attachments to the 
transverse processes of the vertebrae. The cor* 



Fig 19-9. Radical reaction of the lung with a portion 
of the thoracic wall In thli cat*. the cancer of the lung 
wot adherent to the fourth rih. The third, fourth, and 
fifth ribt, with the parietal pleura, oeterior and pot- 
terior Intercostal nodes, and the muscles overlying the 
re jeered ribt, have been removed with the lung and the 
regional lymphatics «n hloe. (From 1 A. Weinberg 1161, 
courfery Journal of Thoracic Surgery.) 


Inlralltoradc Turnon 
responding intercostal vessels and nerves are 
divided between clamps and ate ligated, and 
the block dissection of the parietal wall is con- 
tinued through the muscles and fascia over- 
lying the rihs, leaving only the skin am! 
subcutaneous tissue to cover the defect in the 
thoracic wall (figure 19-10). If the tumor is 
situated close to the vertebral column, it will 
not be possible to remove the lymphatics as 
effectively as one would wish to, ami it may 
he necessary to limit the operation to a less 
extensive excision of the wall. If this expedient 
is resorted to, the site of the invasion of the 
thoracic wall is marked with indelible ink on 
the skin surface, so that x-ray therapy may be 
directed to the region within the vsccks fol- 
lowing surgery. 

GENERAL REMARKS REGARDING 
RADICAL PNEUMONECTOMY 

Planned resection of mediastinal lymph 
nodes as a part of the operation of pneumo- 
nectomy for bronchogenic carcinoma is so re- 
cent a development that there has not been a 
sufficient number of operations, nor has there 
been a sufficient lapse of years, to warrant an 
evaluation of the results in terms of longevity. 
All that can be said at this time on the basis 
of results is that radical mediastinal resection 
can be accomplished without unreasonable 
surgical hazard to the patient. Many years of 
experience with a large number of operations 
will be required to determine whether or not 
the inclusion of regional lymphatics in the 
operation of pneumonectomy for cancer will 



Fig. 19-10. (left) Costol defect resulting from rodieol resection including part of 
lb* thoracic well. (Right) Stabilization of the thorax by means of a tailored soft 
leather pad applied over the defect. 
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Fig 20-1. Location of skin incision The incision is in the region normally covered by 
the brassiire in the female. It is of course possible to make this incision below the nipple 
line and dislocate the breast upward instead of downward. (From W. F. Rienhoff and 
E N Broyles, courtesy Journal of the American Medical Association. 




CHAPTER 20 


Anterior Approach for Resecting Cancer 
of the Lung 

William F. Rionhoff, Jr. 


The successful treatment of malignant 
tumors of the lung and of those benign tumors 
which involve the primary bronchus rather 
extensively, can be accomplished only by com- 
plete removal of the lung together with its 
lymphatic vessels and lymph nodes. In the 
treatment of malignant tumors, lobectomy has 
been uniformly unsatisfactory owing to local 
recurrences. Any plan of operation should 
take into consideration the fact that in the 
majority of eases it will be necessary to ampu- 
tate the primary bronchus close to the trachea 
in order to circumvent the tumor. This can be 
accomplished only by total pneumonectomy. 

operative technic 

EXPOSURE OF HILUS OF THE LUNG 
Access to the hilus of the lung by the an- 
terior route has been found to have many 
advantages. The incision is made over the 
third intercostal space, anteriorly, extending 
from the lateral border of the sternum to the 
anterior axillary line (Figure 20-1). After 
dividing the pectoral muscles, the internal in- 
tercostal muscles are incised about midway 
between the third and fourth ribs, thus avoid- 
ing the intercostal vessels and nerves (Figure 
20-2). The pleural cavity is quickly opened 
by cutting through the parietal pleura for the 
entire length of the incision and the opening 
into the chest is further widened by means of 
a self-retained retractor or rib-spreader (Fig- 
ure 20-3). Thus, complete exposure of the 
hilus of the lung is obtained with minimum 
operative trauma and loss of time. Resection 
of the ribs is entirely unnecessary because 


anteriorly the ribs arc farther apart than else- 
where in the thoracic cage; and furthermore, 
it the proper type of rib-spreader is used, they 
may be disarticulated at the costochondral 
junctions by gently spreading the retractor 
blades farther apart. Disarticulation of the 
costochondral junction of the third and fourth 
ribs is accomplished with case and rapidity. 
If further exposure is desirable, the incision 
may be lengthened laterally to the midaxiltary 
line and with a retractor possessing a deeper 
blade the second and fifth ribs, as well as the 
third and fourth, may be readily disarticu- 
lated. When the ribs arc rcapprotimated 
during closure, they arc realigned with the 
costal cartilages and held in position by means 
of pcricostal sutures (Figure 20-14). 

The anterior approach permits rapid in- 
spection to note whether invasion, or lack of 
invasion, of the hilus of the lung and medias- 
tinum has occurred, even when the remainder 
of the pleural cavity is practically sealed off 
by adhesions. The rapidity of the opening of 
the thoracic cavity is greater. A truly high li- 
gation of the pulmonary- artery in the me- 
diastinum, performed with great facility and 
celerity through the anterior incision, can be 
accomplished only with difficulty by a pos- 
terior approach because the pulmonary artery 
arises anterior to the primary bronchus (Fig- 
ure 20-4) . On this point hangs the ability to 
ligate the bronchus high up near the bifurca- 
tion of the trachea, insuring the safety and 
efficacy of a pneumonectomy, especially when 
the tumor approximates the carina. (See 
Chap. 21 for a discussion of the prone po- 
sition in thoracic surgery.) 




Fig 20-3. Self retaining retractor* with different tiled blades and the set 
screw to hold the retractor at any particular point of spread of the blade*. 
(Reduced to one holf actual *iie ) 



Fig. 20*4. Relation of primary bronchi to pulmonary arteries and veins. Various point* 
at which ligatures are placed are designated by number* 1, 2. and 3. 1 shows the site 
of the primary encircling ligature of the mam bronchus, or step 2 in the operation. The 
first step is placing the ligature about the pulmonary artery at point 2 in the diagram. 
The third step in the operation consist* in ligating the pulmonary veins, point 3. 
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LIGATION OF THE PULMONARY ARTERY 
In the beginning of the operation, the me- 
diastinal pleura is incised and dissected me- 
dial ward together with the underlying areolar 
tissue, thus exposing the pulmonary artery 
(Figure 20-5). The point at sshlch the me- 
diastinal pleura is incised varies, depending 


the superior and posterior surfaces arc freed 
from the underlying bronchus (Figure 20-8). 
The inferior surface is then dissected away 
from the upper border of the superior pul- 
monary scin and a No. JO oiled braidcd-silk 
ligature is passed around the mediastinal 
portion of the sesscl at least 2 to 3 cm. 


dividing rr At.eo 

m Ihiro intar- 

costal epice 



furlher division 
of intercostal 
muoclen and 
1 opening, of 
{ pleural cavily 


Fig 20-2. Divlilon of lh« pectoral muiclcs with th« Intvrnol Intsrcoitol muxlil Incited 
about midway between the third and fourth ribt, thereby avoiding the Intereoitol veiteli 
and nervei. 


upon whether the operation is performed on 
the right or the left side. On the right side, the 
guiding landmark is the azygos vein, since 
the right pulmonary artery emerges into the 
pleural cavity just inferior to this structure 
(Figures 20-5 and 20-6). On the left side, the 
pulmonary artery runs beneath the arch of the 
aorta (Figures 20-6 and 20-7). The upper or 
superior surface of the pulmonary artery is 
immediately exposed and by means of careful 
blunt dissection, mainly with the index finger. 


proximal to its intrathoracic branches (Figure 
20-9). 

Afler the first ligature is tied, another is 
placed about the vessel 0.5 cm. distal to the 
primary ligature and this is likewise tied in a 
square knot. The loose ends of these ligatures 
are cut at least 6 cm. long so that they and the 
obliterated pulmonary artery may be easily 
recognized if a second-stage operation is 
found to be necessary. The phrenic nerve is 
crushed in order to allow a temporary eleva- 
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Fig 206. Diagrammatic sketch showing location of the ligatures 
for the right and left pulmonary arteries These are placed around 
each artery in the mediastinum, proximal to the intrathoracic 
branches. 
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Fig 20-5. The upper lalt trtsel shows the position of the f 




pleted row of interrupted silk sutures closing the end of the bronchiol stump is shown. Immediately above 
the curve of the needle may be seen the ligated end of the right pulmonary ortery and below it the ligated 
ends of the superior and inferior pulmonary veins. In tho fewer right inset the second tncomplefed row of 
mattress sutures is shown When the posterior membranous portion of the bronchus is sutured to the anterior 
cartilaginous wall, there is a tendency toward flattening of the stump. This brings about a more nearly 
perfect approximation of the mucous membrane of the bronchus, with a minimum amount of tension on the 
suture line The primary encircling ligature may be seen again, as in the middle drawing, higher up on the 
main bronchus. 
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lion of the diaphragm with consequent partial 
obliteration of the thoracic easily on tfic af- 
fected side. 

LIGATION OF THE PRIMARY BRONCHUS 
The primary bronchus ii then stripped of 
all the bronchial lymph nodes and peri- 


Intrathoradc Turnon 
on their surface. The divided bronchus is 
closed with interrupted silk sutures. 

LIGATION OF THE PULMONARY VEINS 
The pulmonary scins arc then doubly li- 
gated with medium “c" silk. If, however, the 
decision has been made to grade the opera- 



Fig. 20-7. The tight vpptr fn»«f ihowj th« position of tho patient for Uft total 
pneumonoctomy. In tho t»nf#r drawing the omputoted hilut of the lung ts demon- 
strated. The ligated pulmonary artery and v*in» are viiible above the bronchiol 
itump. The primary encircling ligature of the bronchui may be »een proximal to the 
secondary suture line closing the amputated stump. In this patient the redundant 
mediastinal pleura was employed to dote aver the hilar structures The proximity 
of the vagus and phrenic nerves is shown Th* ease with which they may be exposed 


bronchial connective tissue from the bifurca- 
tion of the trachea to the point at which the 
pulmonary artery crosses the bronchus and 
takes up a position posterior to this structure. 
The bronchial nodes are more easily detected 
than lymph nodes elsewhere in the body, and 
because of their black pigmentation, metas- 
tases to them, as a rule, appear as white spots 


tion into two or more stages, then the ligatures 
may be placed loosely about the veins and 
left untied, for the bronchial veins alone ore 
of insufficient size to carry off from the lung 
the blood supplied by even the bronchial 
artery, or arteries. If the flow of blood through 
the pulmonary veins, either the superior or 
inferior, is in any way interfered with, moist 
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of dissection of the mediastinal lymph nodes.) 

The bronchus ts cut across in the mediasti- 
num, not far from the bifurcation of the 
trachea and the primary encircling ligature 
(Figures 20-5 and 20-7). The incision is made 
slightly obliquely to the long axis of the 
bronchus, on a line running from above and 
lateral, to below and medial. The cut edge of 
the stump forms an angle of about 45 de- 
grees with the superior border of the primary 
bronchus, and of about 135 degrees with its 



branous wall is not only snugly fitted to the 
inner surface of the semicircular ring at all 
points, but also, as a result of the way in 
which the sutures have been placed, the mem- 
branous portion is rolled over the cartilagi- 
nous cut edge in a manner corresponding to 
the inversion of the intestinal wall. The cut 
ends of the mucous membrane are thus ap- 
proximated on the inside of the blind-end 
stump. This method of closure of the cut ends 
tends to flatten out the horseshoe-shaped 



Fig. 20-10. U»e of pleural pedicle flap to cover the stump of the amputated bronchus. In this drawing the 
stump of the right primary bronchus is being covered. The primary and secondary encircling ligatures higher 
up on the bronchus ore shown. 


inferior medial border. In addition to the 
slanting direction of the incision across the 
bronchus, the cut is made on the bias so that 
the posterior membranous portion is a trifle 
longer than the more anterior cartilaginous 
wall. Interrupted fine “a” silk sutures are then 
placed in the membranous portion in such a 
way that the curved needle picks up a por- 
tion of the posterior membranous tissue a 
few millimeters proximal to the cut edge. The 
needle is then inserted into the cut edge of the 
mucous membrane and the cartilaginous ring 
of the bronchus directly opposite (Figures 
20-5 and 20-7). From ten to twelve of these 
sutures are laid in a fan-shaped pattern. 
Therefore, when the knots are tied, the re- 
laxed and relatively tough posterior mem- 


bronchial cartilage rather than constrict it 
and, therefore, no tension whatever is placed 
upon the suture line. Two parallel rows of 
through-and-through sutures are placed proxi- 
mal to the above-mentioned interrupted row. 
They are separated from the end and from 
each other by the width of the cartilaginous 
ring The suture passes completely through 
the bronchial wall between the cartilaginous 
rings. These proximal sutures consist of No. 1 
chromic catgut, because this would be less 
likely to cut through the posterior membran- 
ous layer than silk. Additional rows of these 
interrupted mattress sutures may be employed 
whenever necessary. One row contains about 
eight sutures (Figures 20-5 and 20-7). 

The posterior membranous portion of the 
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gangrene of the respective drainage bed will 
ensue, unless the lung is removed without 
delay. The ligation of the pulmonary veins 
may be considered the third step in the oper- 
ation. 
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lion of the veins the operation must be com- 
pleted. If the patient is in good condition, 
exposure for amputation of the bronchus is 
better when the veins arc divided. 
Amputation of the hilus of the lung is per- 



AMPUTATION OF THE PRIMARY 
BRONCHUS 

Amputation of the main bronchus con- 
stitutes the fourth step m the operation. This 
step may be taken prior to the ligation of the 
pulmonary veins (step 3) if there is doubt 
about being able to complete the operation in 
one stage, for, as mentioned above, after liga- 


formed from above downward on the left, and 
from below upward on the right side. Only 
that portion of the vessels — pulmonary veins 
and artery — lying distal to the ligatures need 
be clamped. No lung or peribronchial tissue 
or lymph nodes should be left behind. If such 
is the case, a complete pneumonectomy has 
not been performed. (See Chap. 19 for details 
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human bronchus is ample to tine, as it were, 
the entire semicircle of the anterior cartilagi- 
nous ring. Occasionally on the left side it may 
be helpful to leave a bit more of the underlip 
of the membranous portion to curl back over 
the cut end. The membranous wall of the 
bronchus is abundantly supplied with blood 
by the bronchial artery. 

(See Chap. 15 for technic of resecting the 
trachea.) 

After the suturing has been completed, it 
is well to cover the stump of the bronchus 


of the relaxed, paralyzed diaphragm which at 
the second-stage operation will be found to 
he almost against the bronchial stump. The 
tissue is sutured to the free end of the bron- 
chus, thus retaining its viability from the base 
through which it is normally attached to the 
diaphragm. On the left side, still other tissue 
is available in some cases; for example, the 
upper portion of the pericardial sac serves 
adequately, but here, too. the diaphragm may 
be used. The procedure of supplementing the 
healing process of the bronchial stump by 



fig. 20-13. Initrumcnt u«ed for th# r«opproximotion of th* ribi to bold them in place 
while the pericostal *uture» are tied. The tpikelike bits ore interted above and below the rib» 
to be approximated They are then drawn together and held in poiition by meant of the 
rochet. 


with some available additional tissue (Figure 
20-10). A pedicle flap taken from the me- 
diastinal pleura, with some underlying areolar 
tissue, has been found available in many pa- 
tients on either the right or the left side. This 
flap may be slightly twisted or reflected upon 
itself, leaving the base attached in order to 
preserve its circulation. The free end may 
then be sutured to the bronchial stump. The 
division of the bronchus having been made 
high in the mediastinum, the stump is sur- 
rounded, while healing, with the more vig- 
orous growth of the mediastinal areolar 
granulation tissue (Figure 20-11). As an al- 
ternative, on the right side a small but suf- 
ficiently large pedicle flap, about 6 by 2.5 cm., 
has been cut away from the superior portion 


suturing it to some adjacent supporting tissue 
is a most valuable adjunct to insure primary 
and complete healing of the bronchus (Fig- 
ure 20-12). 

CLOSURE 

Closure of the wound is accomplished by 
drawing the ribs together by means of a rib 
approximator (Figure 20-13) which holds 
them in position while perichondral sutures, 
usually three in number, of No. 10 braided 
sdk are placed and tied. No attempt is made 
to suture the pleura or intercostal muscles. 
The regeneration of the former and the heal- 
ing of the latter require only a few weeks. The 
pectoral fascia is drawn together with inter- 
rupted medium silk while the skin is closed 
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Fig. 20 ||. Another method at tiling pUura to corar the 
proximal stump. In tom* patients the mediastinal pleura li to 
redundant thol ll It no) necessary to Cut the pedicle flop; In 
these €01*1 tho pleuro may bo sutured at tliOwn boro. 



Fig. 20-12 Following total left pneumonectomy, there wot In thli patient 
tuch an abundance of mediastinal pleura that complete covering of the 
hilar structures could be accomplished. 
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Fig. 20-15 Digrammatie drawing illulf rating the 
effect of a clrcumfetentiol tigatvsro a? the bronchus. The 
primary encircling ligature produce! an infolding of 
the posterior membranous portion. In tome Instance! the 
lotter is so abundant that the degree of compression 
demonstrated in this drawing under the encircling liga- 
ture cannot always be obtained. 



Fig 20-16 Roentgenogram of patient two hours after 
total teft pneumonectomy. Attention is called to the 
extreme shifting of the mediastinum to the left side with 
elevation of the diaphragm Shifting to the operative 
side must have resulted from immediate Compensating 
dilatation of the remaining lung (from W, F Rienhoff, 
courtesy Th* Southern Medical Journal ) 



Fig. 20-17. Roentgenogram of the chest of a patient 
2.5 years after total left pneumonectomy (following 
lipiodol injection). Compensatory increase in the size 
of the right thoracic cavity and dilatation of the right 
lung are evident. The stump of the left primary bronchus 
is shorply defined. The trachea is deflected to the left. 
The left diaphragm is elevated. (From W. F. Rienhoff, 
courtesy The Southern Medico! Journal) 
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Fig 20-14 I Shows the sutures for reapproximation of the rib* and the suturing of 
the pectoral fascia. 2. The faicia is drawn together with interrupted medium silk while 
the skin is closed with fine silk. (From W, F. Rienhoff and E N. Broyles, courtesy Journal 
of Iht Amuricon Medico! Association.) 
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Fig. 20*15. Digrammatic drawing illustrating the 
effect of a circumferential ligature of the bronchus. The 
primary encircling ligature produces an infolding of 
the posterior membranous portion. In some instances the 
latter Is so abundant that the degree of compression 
demonstrated In this drawing under the encircling liga- 
ture cannot always be obtoined 



Fig. 20-16. Roentgenogram of patient two hours after 
total left pneumonectomy Attention is called to the 
extreme shifting of the mediastinum to the left side with 
elevation of the diaphragm Shifting to the operative 
side must have resulted from immediate compensating 
dilatation of the remaining lung (From W. F Rienhoff, 
courtesy The Southern Medical Journal ) 



Fig. 20-17. Roentgenogram of the chest of o patient 
2 5 years after total left pneumonectomy (following 
Lipiodol injection). Compensatory increase in the size 
of the right thoracic cavity and dilatation of the right 
lung are evident. The stump of the left primary bronchus 
is sharply defined. The trachea is deflected to the left. 
The left diaphragm is elevated. (From W. F. Rienhoff, 
courtesy The Southern Medical Journal) 
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with fine silk (Figure 20-14). In the female, 
it is usually necessary to suture the breast 
subcutaneously, the latter serving as a good 
tampon over the pectoral fascia. Within two 
weeks the wound has healed solidly and there 
is no impulse or bulging during coughing. No 
drainage is employed. A rather snug dressing 
is applied and the patient is returned to his 
room. 


Intralhoradc Tumors 
first or second step without jeopardizing the 
viability of the lung during the interval be- 
tween operations. In this manner, the scope 
of usefulness of total pneumonectomy is suf- 
ficiently widened to deal with patients of vari- 
ous age groups and in different states of 
physical fitness. 

Variations occur in the number and size of 
the bronchial arteries, depending upon cer- 



Fig. 20-18. Drawing made at avitopiy ot a patient who died six month* after total 
left pneumonectomy. It *how* enormou* dilatation of the right lung The shaded region* 
represent the burrowing of the posteromedial portion of the right upper, middle, and 
inferior lobe* through the posterior mediastinum above and below the ciygos vein. 
This depression extended Inward far a distance of about 6 cm. (from W. F Rienhoff, 
courtesy The Southern Mtdicol Journal) 


DISCUSSION 

Owing to the location of the new growth 
and the extent of the cancer in the majority 
of patients, total pneumonectomy ts, except in 
most unusual instances, the ideal operation 
for the treatment of carcinoma of the lung. 
One-stage pneumonectomy is to be preferred 
when feasible, but graded pneumonectomy 
should be employed whenever the slightest 
doubt arises regarding the patient’s safety. 
The steps to be taken in carrying out either 
one-stage or graded pneumonectomy are 
identical and have been described. The oper- 
ation may be interrupted following either the 


tain pathologic changes m the lung. The num- 
ber and size of the bronchial arteries increase 
in carcinoma of the lung, probably because o 
the greater nutritional demands of the tumor. 
It has also been our clinical observation tha 
the size of the pulmonary artery decreases lit 
direct proportion to the extent of involvement 
of the lung by the tumor. The less the aerating 
ability of the lung parenchyma, the less blood 
will be carried by the pulmonary artery for 
oxygenation and, conversely, the more will be 
supplied by the bronchial arteries for main- 
tenance of nutrition. 

The restitutional compensatory mechanism 
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Fig. 20-IP. Breast plate removed from the some patient as in Figure 20-18. 
This shows deflection of the mediastinal contents to the extreme left with the 
upper and middle lobes of the right lung bulging well over into the anterior 
mediastinum. (From W f. Rienhoff, co urfesy The Southern Medical Journal.) 


following total or partial removal of a lung is 
based essentially on three factors' (1) the 
readjustment and adaptation of the thoracic 
cage and diaphragm on the side operated 
upon, as well as upon the side not operated 
upon; (2) the compensatory dilatation of the 
remaining lung; (3) the production of a 
space-occupying, fenestrated labyrinth of con- 
nective tissue which tends to fill the remain- 


ing dead space, if any remains when factors 
(1) and (2), after their maximal restorative 
efforts, have failed to bring about a complete 
obliteration of the remaining thoracic space 
(Figures 20-16, 20-17, 20-18, and 20-19), 
(Sec Chap. 18 for a discussion of the oper- 
ability, operative mortality, and five-year sur- 
vival rates of bronchogenic carcinoma.) 


CHAPTER 21 


The Prone Position in Thoracic Surgery 

Richard H. Overholt 
and 

Wilford B. Nepfune 


The prone position in thoracic surgery was 
originally developed on our service to prevent 
contralateral flooding during resection for 
suppurative lung disease. Other equally im- 
portant advantages have been discovered 
which have made it our position of choice for 
most intrathoracic procedures that involve the 
lung or posterior mediastinum. Although 
familiarity with the technical problems asso- 
ciated with all approaches is desirable, one 
should use that position which is most advan- 
tageous from the standpoint, first, of the patient 
and then of the surgical team including the 
anesthetist. The slight inconvenience of the 
latter can well be sacrificed in the interest of 
the safety of the former. In our experience, 
the prone position with a liberal posterolateral 
approach best meets this objective. 

ADVANTAGES OF THE PRONE POSITION 
PHYSIOLOGIC ADVANTAGES 

An unrestrained contralateral costal arch, 
free diaphragmatic excursion, and absence of 
mediastinal sag permit ventilation of the con- 
tralateral lung without assistance. Therefore, 
constant positive intrabronchial pressure is 
not required. Sucking action of negative in- 
trapleural pressure is maintained; and return 
flow of blood to the right heart is not ad- 
versely affected. Sustained assistance with 
pressure in the closed circuit is, therefore, 
purposefully avoided. The intrabronchial pres- 
sure is raised only to inflate segments as re- 
quired in their testing and delineation in 
segmental resection; or m patients with low 
reserve. 

Comparative studies have been done by 


Beeches, Quinn, Bunker, and D’AIessandro 
[1] in patients having lobectomy or pneumo- 
nectomy in various positions. They found that 
elimination of carbon dioxide in the prone 
position without assistance of respiration was 
as good in the case of lobectomies and better 
in the case of pneumonectomies than in the 
lateral position with bag squeezing or ma- 
chine assistance to respiration. 

PREVENTION OF CONTRALATERAL 
FLOODING 

The prone position is the most favorable 
of all for the natural drainage of bronchial 
secretions. Material that does not sponta- 
neously flow out or is not expelled by coughing 
can be more easily reached by aspiration- 
Flooding of the contralateral lung is far less 
likely. The increased safety in regard to con- 
tralateral flooding is best exemplified by the 
report of Moore, Murphy, and Elrod [2] 
who noted an incidence of 14 per cent con- 
tralateral tuberculous spreads among patients 
having resection in the lateral position, as 
compared to a similar group having surgery 
performed during the same time interval 
and by the same surgical group with a 1.6 P er 
cent contralateral spread in the prone po- 
sition. 

BETTER EXPOSURE 

There is immediate access to the posterior 
mediastinum and pulmonary hilus which in- 
creases the ease of the subsequent hilar dis- 
section. With a given amount of surgical 
exposure, no other position allows such ease 
in the management of a densely adherent 
lung or of a large, solid tumor. 
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TECHNICAL ADVANTAGES 

The weight of the lung allows it to fall 
forward and out of the way, making the use 
of lung clamps and traction unnecessary. This, 
together with better exposure, allows greater 
ease m the handling of tissues. 

In the event of hemorrhage, the blood 
drains away, thus permitting its control 
with greater case. In the lateral position the 
hilus is at the base of the cavity and quickly 
becomes submerged in a pool of blood, mak- 


encc to the endotracheal tube in particular. 
If it comes out, it may be difficult to reinsert 
in the prone position; therefore, it is the 
responsibility of the anesthesiologist to make 
certain that the endotracheal tube is properly 
and adequately fixed in position. 

DISADVANTAGES TO THE 
OPERATING TEAM 

It usually takes longer to open and close 
the thoracic cage, owing to the necessity of 



Fig 2M. The Overholt-Comper thoracic table. The table ha» the following advantage!. (I) Provision Is mode for 
lateral tilt In either direction (2) The pelvic girdle may be elevated or lowered Independently of the shoulder and 
head supports. (3) The face, shoulder, arm, and pelvic supports ore individually adjustable. (4) The entire table may 
be adjusted as to height from the floor (5) Wound-irrigating ‘><ids are directed to a bucket by a removable drip 
pan. (This table was constructed by the American Sterilizer Company, Erie, Pennsylvania ) 


,n § subsequent control difficult and contra- 
lateral flooding a real danger. 

TEACHING VALUE 

In our experience, no other position is so 
favorable for observers, since the entire sur- 
gical field can be visualized from the lateral 
aspect of the operating table. 

DISADVANTAGES OF THE 
PRONE POSITION 
DISADVANTAGES TO THE 
ANESTHESIOLOGIST 

There is less margin of safety in regard to 
any mistakes that may be made, with refer- 


cither cutting or removing at least one rib. 
In the lateral position, a simple intercostal 
incision will often suffice, taking advantage 
of the anterior mobility of the thoracic cage. 
In the prone position, however, the anterior 
extent of the incision cannot be utilized and, 
owing to the limited posterior mobility, one, 
two, or more ribs must be cut, or, if desired, 
removed. In our practice, we usually cut 
two nbs at their angle and these are then 
approximated by mortise-tenon joint repair 
during closure. (Figure 21-4.) 

The second assistant, on the opposite side 
of the operating table, is in an uncomfortable 
position to observe and assist. Usually, how- 
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ever, one assistant is sufficient, owing to the 
technical advantages, and the second assistant 
need not remain on the opposite side except 
during the opening and closure. 

CONTRAINDICATIONS TO THE 
PRONE POSITION 

SUPERIOR VENA CAVAL OBSTRUCTION 
Superior vena caval obstruction is an ab- 
solute contraindication to the prone position. 
As such, any tumor involving the upper medi- 
astinum, as carcinoma of the right upper 
lobe, in particular, and associated with ques- 
tionable caval occlusion, is considered care- 
fully before being placed in the prone position 
and usually will be explored in the lateral 
position. In the prone position the shoulder 
support may, by the weight of the patient, 
produce pressure on the underlying tumor, 
with further compromise of the caval cir- 
culation. Occasionally, patients with narrow 
anteroposterior diameters of the upper thorax 
develop clinical evidence of caval obstruction 
when placed in the prone position, and they 
should be explored in the lateral or supine 
position. 

THORACIC CAGE DEFORMITIES 

Although uncommon, deformities such as 
severe kyphoscoliosis or pectus excavatum 
probably should not be placed in the prone 
position because of technical problems. 

INFANTS 

In general, owing to their small size, chil- 
dren of less than six years of age are difficult 
to suspend in the prone position. 

PRECAUTIONS 

The technical details are most easily man- 
aged if the patient has the endotracheal tube 
inserted under topical anesthesia and is al- 
lowed to help in assuming a position of com- 
fort in regard to the head, shoulders, pelvis, 
arms, and legs. We usually do our broncho- 
scopic examination under topical anesthesia 
immediately before surgery. If there are no 
bronchoscopic contraindications to surgery, 
the tube is then inserted and the patient placed 
in the prone position while awake. Gen- 
eral anesthesia is then induced. If for some 
reason the patient has general anesthesia prior 
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to insertion of the endotracheal tube, a light 
plane of anesthesia should be present when 
the patient is turned and placed in the prone 
position to prevent hypotension and/or car- 
diac irregularities. Such phenomena have 
been observed when the protective reflexes 
arc abolished under a deep plane of an- 
esthesia. 

It is the surgeon’s responsibility to make 
certain that the position is correct in regard 
to the head so as to prevent pressure on the 
eyes. Also, the shoulder girdle should be po- 
sitioned so as to prevent any possible pres- 
sure on the brachial plexus, or obstruction 
to the venous return of the head and upper 
extremities. Most important of all, the upper 
chest support, when properly positioned, 
merely supports. If placed too low on the 
anterior thoracic wall, it tends to restrict 
thoracic excursion during breathing and the 
patient by necessity must elevate the entire 
body weight during inspiration. 

Provision should be made for regulation of 
intrapleural pressures as the patient is re- 
turned to bed. During shift from the prone to 
the supine position there may be marked 
pressure changes in the pleural space. These 
sudden changes can best be managed by mak- 
ing certain that the pleural space contains a 
catheter connected to underwater-seal drain- 
age to allow escape of air during closure of 
the thoracic cage and subsequent shift in 
position. Although such drainage is routine 
in all thoracotomies, it is especially impor- 
tant following pneumonectomy. In such cases 
the tube remains open until the patient has 
been returned to bed and then it is clamped, 
it is periodically reopened as needed for in- 
trapleural pressure adjustment and removed 
on the second or third postoperative day. 

COMMENT 

The prone position provides advantages 
that increase the safety for the patient from 
the viewpoint of the anesthesiologist and the 
surgeon. It cannot and should not be used for 
all thoracic surgical procedures. One should 
choose a position that best suits the patient 
and suits best the surgery to be done. In our 
experience, the prone position, with a postero- 
lateral approach, best serves this purpose in 
most cases needing pulmonary resection as 
well as many other thoracic procedures. 
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Treatment of Lung Tumors by Lobectomy and 
Pulmonary Segmental Resection 

James C. Baldwin 


The exact status of lobectomy in the treat- 
ment of pulmonary cancer is undetermined. 
Whereas pneumonectomy is the standard pro- 
cedure for pulmonary cancer, many situations 
exist in which lobectomy or the even more 
conservative procedure of segmental resec- 
tion should be performed. The lower mortal- 
ity and the conservation of healthy pulmonary 
tissue are the major advantages of the more 
conservative operations, The question of 
whether the surgical compromise in not remov- 
ing the entire lung harboring the neoplasm 
endangers the patient’s chance for cure awaits 
determination. The reluctance to accept lo- 
bectomy as a method of treating pulmonary 
cancer is attested to by the fact that until re- 
cent years very few papers dealing with this 
subject had appeared in the English language 
(Efller [15], Belcher [4]; Robinson, Jones, and 
Meyer [22]). Nevertheless, lobectomy has been 
extensively practiced for the treatment of pul- 
monary cancer. Practically every article deal- 
ing with the surgical treatment of this neoplasm 
includes a report on patients subjected to lo- 
bectomy for cancer of the lung. Careful 
selection of the various operative procedures 
available to the patient with lung cancer and 
critical analysis of the accomplishments of the 
respective operations will demonstrate the 
exact position of the more conservative proce- 
dures. A given operation can thus be tailored 
to the specific needs of the patient. 

INDICATIONS FOR LOBECTOMY 

The indications for lobectomy are : ( 1 ) the 
establishment of the histologic nature of a 
ung lesion when routine measures have not 
een successful; (2) the resection of meta- 


static tumors limited to a particular segment 
or lobe (Figure 22A-1) (see Chap. 24); (3) 
the excision of small, peripheral, primary 
bronchogenic carcinomas (Figure 22A-2) 
without evidence of spread to the hilar or 
mediastinal nodes (this is especially true in 
elderly patients, in whom the preservation of 
lung tissue for adequate pulmonary function is 
necessary); (4) as a palliative procedure for 
certain incurable bronchogenic carcinomas 
where peripheral pneumonia and lung abscess 
cause considerable disability; (5) the excision 
of benign tumors, such as bronchial adenomas, 
pulmonary adenomatosis, hamartomas, and 
fibromas; (6) the excision of certain inflam- 
matory lesions (not discussed in this chapter). 

Recently, radical lobectomy — namely, lo- 
bectomy coupled with hilar and mediastinal 
node dissection — has been advised for pul- 
monary carcinoma where preservation of 
lung tissue is essential for pulmonary func- 
tion (see Chap. 22B). 

SURGICAL ANATOMY 

The Jackson-Huber [16] classification of 
the lung segments and, accordingly, segmen- 
tal bronchi, segmental arteries, and, to a lesser 
extent, segmental veins, has been almost uni- 
versally adopted (Figures 22A-3 and 22A-4). 
In this chapter, these structures will be con- 
sidered in anatomic sequence, according to 
the surgical attack on each structure in the 
course of dissection for lobectomy or seg- 
mental resection. 

Anatomy of the Pulmonary Arteries 

The right and left pulmonary arteries lie 
anterior to the bronchus and superior to the 
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pulmonary vein in the region of the hilus of 
the lung (Figure 22A-5). The pulmonary 
arterial trunk is at least 5 cm. in length and 
twists as it arises to bifurcate into the right 
and left pulmonary arteries. Because this arch- 
ing occurs around the ascending aorta to the 
left, the right pulmonary artery is longer than 
the left. 
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into two segmental pulmonary arteries: a su- 
perior branch to the apical segment, a second 
branch to the anterior segment, and occasion- 
ally a small second branch to the anterior 
segment of the right upper lobe. 

A third branch of the pulmonary artery to 
the right upper lobe is usually present (ac- 
cording to Appleton [I] in 90 per cent of 



Fig. 22 A-J. (loft) A.P . tomograph of a femolt, thirty four yean old. showing two lolifory, 
discrete nodule. In the lower lobe of the left lung with no evidence of nodulei elsewhere, 
metastatic from a primary melanoma of the shoulder removed elsewhere. [Right) Gross specimen 
of melanoma removed by lobectomy. 


RIGHT PULMONARY ARTERY 

The right pulmonary artery extends poster- 
ior to the ascending aorta, the superior vena 
cava, and the right pulmonary vein. It is an- 
terior to the esophagus, and anterior and 
slightly inferior to the bronchus. It is superior 
and slightly inferior to the right superior 
pulmonary vein. 

At the level of the bifurcation of the right 
upper-lobe bronchus, the right pulmonary 
artery bifurcates into the superior pulmonary 
trunk and the inferior pulmonary trunk. 

Usually a common trunk enters the right 
upper lobe and almost immediately divides 


cases). It is referred to as the posterior as- 
cending branch, and may arise from the inter- 
lobar portion of the right pulmonary artery 
or from a common branch that divides to sup- 
ply the posterior segment of the right uppe r 
lobe and the superior segment of the right 
lower lobe. 

Variations in all these branches may b e 
present. They may come off the arterial stent 
as singfe branches or as a common stem with 
three or four branches. A recurrent branch 
from the apical and anterior segmental arter- 
ies may run superior and posterior to the 
right upper-lobe bronchus to supply the po*' 


Treatment of I .ting Tumors by Lobectomy and Pulmonarj Segmental Resection 







fig 22A 2. Primary bronchiolar carcinoma of the upper lobe of the right lung m a sixty year- 
old male. (Top left) A P tomograph showing solitary round-cell focus peripherally in the right 
upper lobe. (Top right) Lateral tomograph confirming position. (Bottom) Cross specimen removed 
by lobectomy. Patient alive and well 5 5 years offer lobectomy. 
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Fig. 22A-3. Diagrammatic drawings illustrating segmental divisions of the lungs, 
with an enlargement of hilar structures (Top) Anterior view. (Bottom) Posterior 
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Fig 22A-4. Diagrammatic drawings illustrating segmental divisions of the lungs, with an enlarge* 
ment of hilar structures. (Top) Medial view. (Bottom) Lateral view. 
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tenor segment. Other variations may occur 

[2] . 

The inferior pulmonary arterial trunk sup- 
plies the right middle and lower lobes and 
often gives rise also to branches to the upper 
lobe. In the interlobar fissure, where it crosses 
the interlobar bronchus, it lies posterior to 
the superior pulmonary vein and its branches. 
The approach to this portion of the inferior 
pulmonary trunk is through the junction of 



Fig 22A-5 Showing anatomic relations of the main 
pulmonary arteries, veins, and bronchi. 


the oblique and horizontal fissure of the 
right lung. At this point there is present the 
bifurcation of all vessels to the lower and 
middle lobes. In the course of lobectomy or 
segmental resection, all must be seen and 
isolated prior to their ligation. 

The arteries to the right middle lobe arise 
anteriorly and usually are two in number, 
one to each segment of the middle lobe. How- 
ever, variations are often present in which a 
single trunk divides almost immediately into 
two or three branches, or into a small and a 
large branch, or into two large branches and 
one small branch. The superior branch usually 
supplies the medial segment and the inferior 
branch the lateral segment. 

Arteries to the right lower lobe are usually 
five in number. A superior segmental artery 
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to the superior segment of the right lower 
lobe arises slightly inferior to the artery to 
the middle lobe and is posterolateral to it 
As it arises in the depths of the interlobar 
fissure, it follows closely the bronchus to the 
superior segment. In dissection of this vessel, 
care should be taken to insure that the ascend- 
ing branch to the posterior segment of the 
right upper lobe docs not originate from a 
common trunk and is the only source of sup- 
ply. Occasionally two small arteries supply 
the superior segment of the right lower lobe 
instead of a single large vessel. 

The basilar segmental arteries arise slightly 
below the superior segmental artery and often 
bifurcate into an anterior and a posterns 
trunk which soon subdivide into four smaller 
branches. The anterior and medial branches 
from the anterior and the posterior trunk 
stem into the posterior and lateral segments. 
In the author’s experience this has been found 
more common than four single arterial 
branches, each to its own segment. These ves- 
sels are anterior and anterolateral to the 
bronchi to the lower lobe. 

LEFT PULMONARY ARTERY 

The left pulmonary artery is relatively 
short. It extends anterior to the descending 
aorta and vagus nerves and loops over the 
left main-stem bronchus. The superior pul- 
monary vein is caudad to the artery. 

Arteries to the left upper lobe supply the 
apical posterior segment, anterior segment, and 
lingular segments. As in the right lung, varia- 
tions in the number and arrangement of these 
vessels are the rule rather than the exception 
These have been seen as one or two trunks 
that immediately bifurcate into branches, or as 
five or six separate branches originating di- 
rectly from the main artery. 

The first branch arises from the superior 
portion of the left pulmonary artery as it 
crosses the main-stem bronchus. Usually a 
very short trunk is present prior to the di- 
vision into branches: the apical branch supe- 
riorly and a posterior branch posterior and 
slightly inferior to the apical branch. 

The anterior segmental branch usually 
arises as a primary vessel of the left pul' 
monary artery and runs anteriorly over the 
bronchus to the upper lobe. It may arise as 
a separate branch from the common trunk 



Treatment of Lung Tumors by Lobectomy and Pulmonary Segmental Resection 


with lingular segmental arteries in the inter- 
lobar portion of the left pulmonary artery, 
posterior and inferior to the upper-lobe 
bronchus, or as a single artery directly from 
the interlobar artery. 

The lingular segmental arteries arise as a 
common stem, or as two separate arteries 
lying close together, from the interlobar por- 
tion of the left pulmonary artery. These 
branches arise as the artery crosses the lower- 
lobe bronchus in the interlobar fissure, and 
on the anterosupenor surface. 

The superior segmental artery to the left 
lower lobe arises posterior and inferior to the 
lingular segmental branches and anterior to 
the bronchus. Soon after the branching of the 
lingular segmental arteries to the upper lobe, 
the basilar segmental arteries branch and 
follow the bronchi closely. These likewise may 
occur as two trunks, dividing into four seg- 
mental branches, or they may occur as four 
separate segmental branches. 

Anatomy of the Pulmonary Veins 

The pulmonary veins generally defy pat- 
tern identification. The bizarre nature of the 
number of branches, the regions collected, 
and the number of trunks and divisions vary 
widely. Each case must be treated individ- 
ually, with care taken to isolate the branches 
to a particular segment or lobe according 
to the findings on careful dissection of all 
branches prior to ligation. 

Several generalities can be made as a guide. 
There are two major systems of veins: (1) 
the subpleural, and (2) the intersegmental, 
which lie between the segmental planes The 
subpleural veins course beneath the visceral 
pleura and collect, with the intersegmental, 
at the base of the segments, uniting with other 
segmental veins to form trunks prior to entry 
into the main superior or inferior pulmonary 
vein. Communications between these veins 
he in the interlobar fissures and between seg- 
ments in the intersegmental plane. The rela- 
tionships of the main pulmonary veins are 
the most important consideration. 

RIGHT SUPERIOR PULMONARY VEIN 

The right superior pulmonary vein lies 
anterior to the trunk of the pulmonary artery 
and inferior to the right upper-lobe artery 
and passes posteriorly to the superior vena 


cava. It collects from all segments of the 
upper and middle lobes of the right lung. 

There arc often three main trunks from 
the right upper lobe entering the superior 
pulmonary vein, two coursing superficially 
beneath the pleura and one deep in the sub- 
stance of the lung. The superficial division 
collects from (1) the apical and anterior 
segments; (2) the posterior portion of the 
anterior segment, drained by a branch super- 
ficially from the undersurface of the inter- 
lobar fissure. The deep division collects from 
the intersegmental planes between the apical 
and anterior segments, and the apical poste- 
rior segments; and when it enters the right 
superior vein it lies posteriorly, being hidden 
by the other two branches. 

The veins of the right middle lobe enter 
the superior pulmonary vein as a trunk or as 
separate branches, but usually arc distinct 
from those of the upper lobe and enter the 
superior pulmonary vein at its inferior por- 
tion. 

RIGHT INFERIOR PULMONARY VEIN 

The right inferior pulmonary vein lies pos- 
terior and inferior to the superior pulmonary 
vein. Whereas the superior pulmonary vein 
lies beneath the pleura and is easily identified, 
the inferior pulmonary vein lies in the central 
portion of the hdus. It has a very short stump 
and empties directly into the auricle. Usually 
two distinct divisions are present: one, the 
superior segment of the right lower lobe, and 
the other, the basilar segment of the right 
lower lobe. The first may consist of one to 
three branches and enter posteriorly to the 
bronchus. It is easily identified when the right 
lower lobe is reflected anteriorly. The basilar 
segmental veins can arise as two trunks, or 
as three to six separate veins that enter into 
the inferior pulmonary vein. 

LEFT SUPERIOR PULMONARY VEIN 

This is formed by the vessels draining the 
left upper lobe, comparable with the right 
upper and right middle lobes. Its anatomic 
relationships are similar to those of the right 
superior pulmonary vein, lying anterior and 
inferior to the left pulmonary artery and the 
bronchi. There are usually distinct divisions 
between the trunks from the apical posterior 
segments and the anterior segments and that 
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from the lingular segments. There arc three 
or four branches from the apical posterior 
and anterior segments; these are more super- 
ficial than those on the right side. 

LEFT INFERIOR PULMONARY VEIN 

The left inferior pulmonary vein lies in a 
position similar to that of the right, being 
central in location and inferior. It usually 
differs from the right in being comparatively 
long and, therefore, is more easily secured. As 
with the right vein, collection is from the 
lower lobe, usually by two distinct trunks, 
one from the superior segment of the left 
lower lobe and the other from the basilar 
segment of the left lower lobe. 

The Bronchial Arteries and Veins 

There are usually four types of bronchial 
arteries, and their number varies from one to 
four on each side. 

On the right side, there is a single bronchial 
artery in approximately two thirds of in- 
stances, and a duplicated bronchial artery in 
one third; on the left side, approximately two 
thirds have duplicated arteries and one third 
a single bronchial artery. When there are two, 
the upper is the superior and extends on the 
anterosuperior surface of the bronchus, while 
the inferior is on the posteromferior portion 
of the bronchus. 

On the right side, the origin is from the 
intercostal branch stem in conjunction with 
the first aortic intercostal artery. On the left, 
the bronchial artery arises from the anterior 
surface of the thoracic aorta and in approxi- 
mately 15 per cent of cases arises directly 
from the arch of the aorta on the concave 
side. In 10 per cent of cases, the left bron- 
chial artery arises from the first intercostal 
bronchial artery. 

On both sides, the artery is retropleural. 
On the right side, it runs deep to the arch of 
the azygos vein, while on the left it runs deep 
to the hemiazygos vein. 

Most of the venous return is via the pul- 
monary vein, although bronchial veins do 
occur and usually empty into the azygos and 
hemiazygos systems. 

Anatomy of the Bronchi 

The trachea is 10 cm. long, descending 
from C6 to D5 thoracic vertebrae, and bi- 
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furcates into the right main-stem bronchus 
and the left main-stem bronchus in vary- 
ing anatomic patterns. 

RIGHT MAIN-STEM BRONCHUS 

The right main-stem bronchus is shorter, 
wider, and more vertical than the left, and 
divides into three branches 

The bronchus to the right upper lobe arises 
approximately 2.5 cm, below the bifurcation. 
It is usually short and bifurcates almost im- 
mediately into the three segmental bronchi— 
apical, anterior, and posterior — that extend 
to their particular segments. 

The bronchus to the right middle lobe arises 
1 to 1.5 cm. below the orifice of the right 
upper lobe and is situated anteriorly. It also 
is relatively short, averaging 1 cm. before 
dividing into (he medial and lateral segmental 
bronchi. 

The bronchus to the right lower lobe « 
difficult to term a bronchus, because the supe- 
rior segmental bronchus arises almost directly 
opposite the middle-lobe orifice and often 
slightly superiorly. Thus, when a lower-lobe 
lobectomy is performed, it is frequently neces- 
sary to ligate this segmental bronchus separ- 
ately, and then the basilar segmental bronchi 
are transected. To include all segments would 
of necessity injure or obstruct the middle-lobe 
bronchus. 

The basilar segmental bronchi often branc 
into two and then four divisions — the media , 
lateral, anterior, and posterior — and run a c 
cordingly. 

LEFT MAIN-STEM BRONCHUS 

The left main-stem bronchus is much oar 
rower and longer than the right. It P asS ® s 
caudad to the aortic arch, anterior to t c 
esophagus and the descending thoracic aorta. 

The bronchus to the left upper lobe arise 5 
approximately 5 cm. from the bifurcation- 
Almost immediately it subdivides into two 
main divisions: (1) the apical posterior an 
anterior segments, and (2) the lingular seg* 
ments. The first division almost immediately 
subdivides into two or three segmental 
bronchi, with two of these going to the ap 
posterior segments and the third to the ante- 
rior segment. The second division, to &e 
lingular segments, likewise descends and 
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vides into the superior and the inferior seg- 
mental bronchi. 

The bronchus to the left lower lobe usually 
follows the same course and pattern as on the 
right side, with the superior segmental bron- 
chus about 0.5 cm. inferior to the level of the 
upper-lobe orifice. 

The basilar segmental bronchi follow the 
same course as on the right side. However, on 
the left side it is often easier to transect the 
lower-lobe bronchus to include the superior 
segment and the basilar segments, without 
injury to the division of the upper lobe sup- 
plying the apical posterior, anterior, and 
lingular segments. 

TECHNICS OF LOBECTOMY 

The approaches to the chest cavity arc 
described in Chapters 20 and 21. The technics 
discussed here arc via the posterolateral ap- 
proach, the one usually favored by the author. 

The following surgical dictums apply to 
the performance of any lobectomy . 

1. The closure of the severed bronchus 
by interrupted suture technic has proved most 
successful. Encircling sutures tend to cut off 
the blood supply to the stump, with resultant 
slough and fistula. The blood supply to the 
bronchus runs longitudinally, and interrupted 
sutures are likewise longitudinal. The shorter 
the stump, the less the chance of puddling of 
sputum, but care must always be taken to pre- 
vent compromising other segments or the main 
bronchus. 

2. Care should be taken not to ligate the 
bronchial arteries too far distal to the line of 
closure of the bronchus. 

3. Extrapleuralization, if technically pos- 
sible, helps seal off the stump. Usually a por- 
tion of the pleura can be sutured over the 
bronchus with a few interrupted sutures. 

Right Upper Lobectomy 

With the lobe deflated and retracted inte- 
riorly and posteriorly, and using the azygos 
vein as a guide, the pleura is carefully dis- 
sected from the hilus of the upper lobe. The 
artery is located, lying anteriorly and supe- 
riorly, and is dissected free. The ease and 
1 safe ‘y of the operation are enhanced when 
( the entire pulmonary artery and its bifur- 
I cation into the right stem are in direct view. 
; Two ligatures of 00 silk are then placed about 


the artery proximally and distally and the 
artery transected, leaving a long proximal 
stump. 

With all arterial branches isolated and se- 
cured, the superior pulmonary vein is dis- 
sected in a similar manner, care being taken 
to isolate only the veins draining the upper 
lobe — that is, the three venous tributaries — 
and carefully preserving the veins to the 
middle lobe. 

The lobe is retracted superiorly, to open 
the interlobar fissure at the horizontal and 
oblique fissures and expose the posterior as- 
cending segmental artery. If these fissures are 
fused, a retrograde dissection is safer, fol- 
lowing the course of the division of the 
bronchus. 

The bronchus is dissected superiorly, start- 
ing about the inferior portion of the upper- 
lobe bronchus, after which it is clamped dis- 
tally. Two silk sutures are placed through 
the bronchus anteriorly and posteriorly, and 
the bronchus is cut approximately 4 to 5 mm. 
from the bifurcation. The bronchial stump is 
closed with interrupted sutures of atrau- 
matic 000 silk, the sutures being placed 
approximately 2 to 3 mm. apart. 

Should the fissures be incomplete, the 
bronchus is retracted superiorly and ante- 
riorly, and with the lower and middle lobes 
inflated the line of demarcation is seen. Using 
traction and with the index or middle finger 
of the left hand placed in the line of demar- 
cation on the pleural surface, the small venous 
connections are readily seen and can be 
clamped and severed. The posterior ascending 
branch of the artery comes into direct view 
in the course of the dissection and can be 
isolated, ligated, and transected. 

Right Middle Lobectomy 

The approach for right middle lobectomy 
is by dissection in the oblique fissure, which 
is almost always well developed. If the hori- 
zontal fissure is also well formed, it can be 
separated to expose the interlobar portion of 
the pulmonary artery. All arterial branches 
are isolated, including the superior segmental 
branch of the lower lobe, the segmental artery 
to the basilar segment of the lower lobe, the 
posterior ascending branch to the posterior 
segment of the right lobe, and the segmental 
branches of the middle lobe. The segmental 
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from the lingular segments. There arc three 
or four branches from the apical posterior 
and anterior segments; these are more super- 
ficial than those on the right side. 

LEFT INFERIOR PULMONARY VEIN 

The left inferior pulmonary vein lies in a 
position similar to that of the right, being 
central in location and inferior. It usually 
differs from the right in being comparatively 
long and, therefore, is more easily secured. As 
with the right vein, collection is from the 
lower lobe, usually by two distinct trunks, 
one from the superior segment of the left 
lower lobe and the other from the basilar 
segment of the left lower lobe. 

The Bronchial Arteries and Veins 

There are usually four types of bronchial 
arteries, and their number varies from one to 
four on each side. 

On the right side, there is a single bronchial 
artery in approximately two thirds of in- 
stances, and a duplicated bronchial artery in 
one third; on the left side, approximately two 
thirds have duplicated arteries and one third 
a single bronchial artery. When there arc two, 
the upper is the superior and extends on the 
anterosuperior surface of the bronchus, while 
the inferior is on the posteroinferior portion 
of the bronchus. 

On the right side, the origin is from the 
intercostal branch stem in conjunction with 
the first aortic intercostal artery. On the left, 
the bronchial artery arises from the anterior 
surface of the thoracic aorta and in approxi- 
mately 15 per cent of cases arises directly 
from the arch of the aorta on the concave 
side. In 10 per cent of cases, the left bron- 
chial artery arises from the first intercostal 
bronchial artery. 

On both sides, the artery is retropleural. 
On the right side, it runs deep to the arch of 
the azygos vein, while on the left it runs deep 
to the hemiazygos vein. 

Most of the venous return is via the pul- 
monary vein, although bronchial veins do 
occur and usually empty into the azygos and 
hemiazygos systems. 

Anatomy of the Bronchi 

The trachea is 10 cm. long, descending 
from C6 to D5 thoracic vertebrae, and bi- 
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furcates into the right main-stem bronchus 
and the left main-stem bronchus in vaiy- 
ing anatomic patterns. 

RIGHT MAIN-STEM BRONCHUS 

The right main-stem bronchus is shorter, 
wider, and more vertical than the left, and 
divides into three branches. 

The bronchus to the right upper lobe aim 
approximately 2.5 cm. below the bifurcation. 
It is usually short and bifurcates almost im- 
mediately into the three segmental bronchi- 
apical, anterior, and posterior— that extend 
to their particular segments. 

The bronchus to the right middle lobe arises 
1 to 1.5 cm. below the orifice of the right 
upper lobe and is situated anteriorly. It also 
is relatively short, averaging 1 cm. before 
dividing into the medial and lateral segmental 
bronchi. 

The bronchus to the right lower lobe is 
difficult to term a bronchus, because the supe- 
rior segmental bronchus arises almost directly 
opposite the middle-lobe orifice and oftea 
slightly superiorly. Thus, when a lower-lobe 
lobectomy is performed, it is frequently neces- 
sary to ligate this segmental bronchus separ- 
ately, and then the basilar segmental bronchi 
arc transected. To include all segments wou 
of necessity injure or obstruct the middle-w e 
bronchus. . 

The basilar segmental bronchi often branc 
into two and then four divisions — the me 13 » 
lateral, anterior, and posterior — and run ac 
cordingly. 

LEFT MAIN-STEM BRONCHUS 
The left main-stem bronchus is much n3r 
rower and longer than the right. It P*** 
caudad to the aortic arch, anterior to t e 
esophagus and the descending thoracic aorta- 
The bronchus to the left upper lobe arise* 
approximately 5 cm. from the bifurcation* 
Almost immediately it subdivides into t*® 
main divisions: (1) the apical posterior an 
anterior segments, and (2) the lingulaf se S' 
ments. The first division almost immediately 
subdivides into two or three segmental 
bronchi, with two of these going to the apical 
posterior segments and the third to the ante- 
rior segment. The second division, to the 
lingular segments, likewise descends and 
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possible to transect the bronchi to the lower 
lobe as one bronchus; but if doubt exists re- 
garding the origin of the lingular segmental 
bronchus, it is preferable to dissect the supe- 
rior segmental bronchus separately and then 
the basilar segmental bronchi. 

INDICATIONS FOR PULMONARY 
SEGMENTAL RESECTION 

Pulmonary disease frequently tends to be 
limited to lung segments that can be removed 
successfully by segmental resection. 


section, with preservation of lung tissue. 
Contralateral disease in the form of metastatic 
cancer or bronchiectasis may be treated by 
this method. 

Segmental resection is not indicated for 
bronchiogenic carcinoma except as a palli- 
ative procedure. 

TECHNIC OF PULMONARY 
SEGMENTAL RESECT/ON 

The technic used is that devised by Doc- 
tors J. M. Chamberlain and Robert Klop- 



Fig. 22A-6- Resection of the left opicot posterior segment of the left upper 
lobe. A. Incision used fi. Showing division of the pulmonary orterial branches. 


Tuberculosis often can be surgically treated 
by a segmental resection or removal of the 
feeding focus of the disease. 

Bronchiectasis is a segmental disease. 
Mainly, the basilar segments of the right 
lower lobe, the middle lobe, and the lingular 
segments of the left upper lobe and the basilar 
segments of the left lower lobe are involved, 
whereas the superior segments of the lower 
lobe and the upper lobe are often free of dis- 
ease. 

Solitary cysts, benign tumors such as fibro- 
mas, chondromas, hamartomas, hemangio- 
mas, and arteriovenous fistulas, and tumors 
metastatic to the Jung may be segmental in 
distribution and removable by segmental re- 


stock [10] and is based on the studies of 
Churchill, Blades, Clagett, and Overholt, 
along with the basic contributions of Boy- 
den, ScanneJI, and Appleton. 

The same technic is followed in all seg- 
ments, applying the anatomic relationships 
previously described (Figures 22 A -6, 22A-7, 
22A-8, and 22A-9). 

The segmental artery is identified and 
divided first (Figure 22A-6), unless there is 
danger of contamination, in which case an 
attempt is made to isolate the bronchus first 
and clamp it to prevent spillage. 

The segmental vein, particularly that on 
the pleural surface of the segment, is located 
and divided (Figure 22A-7). 
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branches to the middle lobe are then dissected 
free, ligated, and transected. The middle-lobe 
bronchus is thus brought into view. 

The middle lobe is next retracted poste- 
riorly and interiorly until the superior pulmo- 
nary vein is located and the branch from the 
middle lobe carefully isolated, ligated, and 
transected. 

The middle-lobe bronchus is located, iso- 
lated, and transected, and the stump closed 
as described for the upper-lobe bronchus. 

The fissures are next transected. If the hori- 
zontal fissure is incomplete, the same technic 
as described for incomplete fissure in the right 
upper lobe is used, except that the middle- 
lobe bronchus is retracted anteriorly and su- 
periorly with the upper lobe and lower lobe 
inflated; and with traction against the index 
or middle finger, the intercommunicating 
veins and bronchials arc severed and ligated. 

Right lower Lobectomy 

The approach is similar to that for middle- 
lobe lobectomy. After dissection and direct 
visualization of the middle-lobe arteries, the 
superior segmental artery to the right lower 
lobe and the posterior ascending artery to the 
right upper lobe, the artery to the superior 
segment of the right lower lobe is dissected 
free, severed, and ligated. The basilar seg- 
mental arteries are then isolated and ligated. 

Next, the lobe is raised superiorly and the 
inferior pulmonary ligament divided. Small 
vessels are often present and require ligation 
in the inferior pulmonary ligament. As the 
division of the pulmonary ligaments is per- 
formed, the inferior portion of the inferior 
pulmonary vein is seen. Frequently it is pref- 
erable to ligate the vein from the superior 
segment separately. The venous trunk on the 
right side is very short, and it is expedient to 
ligate the branches rather than the trunk it- 
self, and thus prevent possible slipping of the 
ligatures. 

The bronchi are next carefully exposed and 
the middle-lobe bronchus is isolated. As stated 
previously, it is desirable to dissect the supe- 
rior segmental bronchus separately and then 
the basilar segments. Should this dissection 
be performed too high, encroachment on and 
collapse of the middle lobe will occur. 
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Loft Upper lobectomy 

The first step is the anterior and inferior 
displacement of the lobe and incision of the 
mediastinal pleura over the pulmonary artery 
The anterior arterial branch and the apical 
and posterior segmental branches, whether 
arising ns a single trunk or as individual 
branches, are each doubly ligated and tran- 
sected. The apical posterior branch of the 
vein often obstructs exposure of the anterior 
segmental artery, and it is ligated prior to 
visualization of the artery. The pleura is then 
opened in the fissure along the length of the 
main pulmonary artery. The branches to the 
lingular segments are located in the fissure, 
extending anteriorly and inferiorly, and are 
treated as the other branches. 

The superior pulmonary vein is nest lo- 
cated by displacing the lobe posteriorly and 
inferiorly. Dissection from a proximal po- 
sition, extending distally, exposes the branches 
without danger of rupture at the bifurcation 
All tributaries are isolated and treated sep- 
arately. 

The bronchus to the left upper lobe is now 
approached from the superior and posterior 
position, where the pulmonary artery can be 
carefully observed and avoided at all times 
Again, transection is carried out about 1.5 1° 
1.0 cm. from the bifurcation, and the bron- 
chus is closed with interrupted atraumatic si 
sutures. 

Left lower Lobectomy 

As on the right side, the interlobar fissiue 
is opened first and all vessels, including t e 
superior segmental branch to the lower 1° e * 
the lingular segmental arteries, and the basi 
segmental arteries, are visualized p n ’ or 0 
their severance. The superior segmental artery 
is then transected and ligated. If a s ' n S t ' 
artery remains below the lingular arteries, th' s 
may be transected as one stem or, if not, as 
separate vessels. , 

The inferior pulmonary vein is approach? 
by dividing the inferior pulmonary liganten • 
The posterior mediastinal pleura is divided' 
and then the vein to the superior segment is 
divided. The basilar segmental veins are often 
better transected individually. 

The bronchi are approached through the 
interlobar fissure. On the left side, it is often 
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and drawn down over the raw surface and 
sutured in place. Care should be taken to 
preserve the intcrsegmcntal vein, as this sup- 
plies also the segments inferior to the resected 
tissue. 

RESULTS OF CONSERVATIVE RESECTION 
OF LUNG TUMORS 

Lobectomy and segmental resection arc 
the operative procedures of choice for any 
benign tumor of the lung that can be totally 
resected. The rationale for lobectomy for 
bronchogenic carcinoma awaits evaluation; 
however, more and more authors arc reporting 


may, of course, be due to careful selection 
of patients. 

Belcher analyzed the accomplishments of 
lobectomy for bronchial carcinoma as per- 
formed by a number of British surgeons. He 
stated that of the 264 patients reported on, 12 
died postoperatively; of 156 operated upon 
two or more years ago, 50 per cent survived; 
of 96 operated upon three or more years ago, 
48 per cent survived; of 46 operated upon 
four or more years ago, 55 per cent survived, 
and of 18 operated upon five or more years 
ago, 61 per cent survived. Of the 119 patients 
who died, 47 per cent died of generalized 



Fig 22A 9 Pulmonary tegmental resection. Illustrating po- 
rtion of hands for dissection of segmental plane 


a lower mortality and higher five-year survival 
rates, and are shifting to conservative resec- 
tion. 

Many authors have reported on the utili- 
zation of lobectomy in the treatment of 
bronchogenic carcinoma fBoyd, Smedal, 
Kirtland, Kelley, and Trump [7], 32 cases; 
Sellor [23], 86 cases; Signal! and Moon [5], 
74 cases; Watson [24], 16 cases; Belcher [4], 
264 cases; Churchill, Sweet, Scannell, and 
Wilkins [121, 93 cases; Rienhoff, King, and 
Dana [21], 46 cases; Burford, Ferguson, and 
Spjut [9], 74 cases). 

Most of the authors who have reported 
their experience with lobectomy indicate that 
this procedure carries with it a much lower 
mortality than does pneumonectomy and that 
the results of the procedure are good. This 


metastases, 23 per cent of local metastases, 
10 per cent from the operation, and 16 per 
cent from causes other than cancer. Belcher 
calls attention to the fact that the series of 
patients analyzed by him may represent a 
group in'whom the tumor was diagnosed early 
and while still localized, as was indicated by 
the fact that only 27 per cent of the patients 
presented evidence of metastases to regional 
lymph nodes. 

In contrast to this figure is a series reported 
by Bignall and Moon [5], in which metas- 
tases to lymph nodes occurred in 58 per 
cent of the patients. These authors reported 
that when metastasis to lymph nodes had oc- 
curred, there was a 16 per cent five-year 
survival of patients subjected to pneumo- 
nectomy and, surprisingly, a 25 per cent five- 
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Fig. 22A-7. Pulmonary tegmental rejection Arteries ligated, 
venous branches to the segment tied. 


The segmental bronchus is then located, 
circumscribed, and clamped distally. Follow- 
ing this, inflation of the lung is performed to 
assure the ligation of the correct bronchus, 
which is then transected, with proximal 
closure (Figure 22A-8). 

The lung is expanded, outlining clearly the 
segment being removed. Traction is now ap- 
plied to the bronchus. The surgeon’s hands 
are then placed so that the pleural surface 
of the hilus is approximated between the index 


finger anteriorly and the thumb posteriorly 
(Figure 22A-9). Gentle dissection is per- 
formed with the thumb until a venous channel 
or cross-communicating bronchus is encoun- 
tered, at which time it is clamped with mos- 
quito clamps and severed. This permits fur- 
ther dissection, which is always performed 
from the hilus distally to the periphery. 'The 
pleura is next excised. If pleura is required 
for extrapleuralization of the raw surface, 
it can be stripped off the lung tissue with ease 



Fig. 22A8. Pulmonary segmental resection Arteries and veins 
have been tied, resected Segmented bronchi are isolated and 
damped 



CHAPTER 22 B 


Radical Lobectomy in the Treatment of 
Lung Cancer 

WilJi'om G. Cohan 


The term “lobectomy” has usually been 
used by physicians without a qualifying ad- 
jective. For better definition, more specific 
terms should be employed. For the sake of 
clarity, a simple lobectomy is defined as an 
operation restricted to the excision of a lobe, 
or lobes, alone. A radical lobectomy is an op- 
eration in which one or two lobes of a Jung 
are excised in a block dissection with their 
regional hilar and mediastinal lymphatics and 
lymph nodes. This chapter will discuss the in- 
dications for and technic of radical lobectomy. 

The adjective “radical” is patterned after 
its use to qualify other surgical procedures 
for cancer and implies the addition of a 
specific, reasonably well-defined block lym- 
phatic dissection to organ removal. It does 
not infer an operation of great magnitude in 
which adjacent thoracic structures, such as 
chest wall or diaphragm, are added to the 
excised organ. When these are included as 
part of excisional surgery, they are defined 
ia specific terms' for example, “a right upper 
lobe radical lobectomy with excision of ribs 
3, 4, and 5,” or, “a middle and lower lobe 
simple lobectomy with partial pericardiec- 
tomy.” 

RATIONALE 

The desirability of removing a malignant 
tumor en bloc with its regional lymphatic 
drainage region is an established principle of 
cancer surgery when certain circumstances 
exist: 

!• No metastases are discernible in sites 
or numbers considered to be lethal; e.g., 
supraclavicular lymph nodes in lung cancer 
or multiple liver metastases in colon cancer. 


2. No other form of therapy has curative 
value. 

3. The morbidity and mortality rates of the 
necessary surgical procedure remain reason- 
ably low. 

4. From experience, a high index of prob- 
ability exists for present or future involve- 
ment by cancer of the lymphatic pathways 
and lymph nodes to be excised. 

5. If these lymphatics and their lymph 
nodes arc not resected at the time of the orig- 
inal procedure, they would be hidden within 
the body so that their future involvement by 
metastases would escape early detection. 

This concept provides the basis for the 
traditional treatment of cancers arising in the 
colon, stomach, breast, and other organs. It 
is also the principle upon which “radical 
pneumonectomy” [5] is founded (see Chap. 
19). 

Metastases to lymph nodes occur m a large 
percentage of patients with lung cancer. One 
of the earliest large-scale analyses was by 
Ochsner [17] who reported that in 3,047 col- 
lected cases of cancer of the lung, 72.2 per 
cent of the regional lymph nodes were found 
to be involved, and that prognosis is depend- 
ent upon the presence of such metastases. 
Nohl studied m detail, by special technics, 
the lymphatics removed at the time of pul- 
monary surgery. He found an 88.8 per cent 
lymph node involvement where radical pneu- 
monectomies had been carried out. The in- 
cidence after radical lobectomy was 41.4 per 
cent. The over-all involvement of lymph 
nodes in 100 resected specimens was 7S per 
cent. (See Chap. 23 for additional discussion 
of evidence of metastases to lymph nodes 
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year survival of patients subjected to lobec- 
tomy. When metastasis to lymph nodes had 
not occurred, pneumonectomy produced a 49 
per cent five-year survival rate and lobectomy 
a 47 per cent five-year survival rate. In this 
series, therefore, lobectomy produced results 
as good as and in fact better than did pneu- 
monectomy. During the years 1950 and 1951 
no patient in Bignall and Moon’s series died 
subsequent to lobectomy, as compared to a 
13 per cent mortality rate following pneu- 
monectomy. 

Aufses reported that from 1935 to 1947 at 
Mount Sinai Hospital (New York) 86 pa- 
tients survived operation, of whom 52 had 
pneumonectomy and 34 lobectomy; 17 pa- 
tients who underwent pneumonectomy and 
13 patients (38 per cent) who underwent 
lobectomy for pulmonary cancer survived 
five or more years. 

Churchill, Sweet, Scannell, and Wilkins 
[12], reporting from the Massachusetts Gen- 
eral Hospital, stated that in 127 pneumonec- 
tomies performed for bronchial carcinoma 
between 1948 and 1956 the mortality rate 
was 10 per cent, and in 93 lobectomies per- 
formed during the same period the mortality 
rate was 6.4 per cent. The five-year survival 
rate for the 127 patients subjected to pneu- 
monectomy was 24 per cent: somewhat less 
than the 33 per cent survival obtained for the 
93 patients who underwent lobectomy. These 
authors call attention to the enormous num- 
ber of variables in attempting to define the 
number and location of metastases to regional 
lymph nodes. However, as a clinical measure 
in accepting the statement of the pathologist 
who examined the specimens in a “routine 
manner” the following results obtained: for 
56 patients who underwent pneumonectomy 
between 1948 and 1953 and who had metas- 
tases to regional lymph nodes, the five-year 
survival was 16 per cent, and for 28 patients 
with “negative nodes” the five-year survival 
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was 46 per cent; for 15 patients with metas- 
tases to lymph nodes who underwent lobec- 
tomy, the five-year survival was 20 per cent, 
and for 43 patients without evidence of 
metastases to lymph nodes, the five-year 
survival was 35 per cent. 

Burford, Ferguson, and Spjut [9], reporting 
from the Barnes Hospital (St. Louis), stated 
that pneumonectomy is the preferred proce- 
dure for all cell types except bronchiolar car- 
cinoma, for which lobectomy is favored. Of 
their 356 resectable cases, 79.3 per cent were 
treated by pneumonectomy, 20.2 per cent 
by lobectomy, and 0.5 per cent by segmental 
resection. The percentage of lobectomies has 
been steadily increasing despite their stated 
preference for pneumonectomy; in 1948 
lobectomies comprised only 3.3 per cent of 
their total resections, whereas in 1955 the 
percentage had increased to 29.5 per cent 
They attribute the rise to the extended use of 
lobectomy in palliation and in older patients 
with borderline respiratory reserve, and to 
its use in selected cases of small peripheral 
tumors. The mortality rate of their series was 
8.8 per cent of 247 patients subjected to ex- 
ploration alone; 13 per cent of 280 patients 
subjected to pneumonectomy; and 12 per 
cent of 74 patients subjected to lobectomy. 

Richard H. Meade, through the co-oper- 
ation of Sir Clement Price Thomas in Lon- 
don, studied the autopsy findings of 73 pa 
tients who died an average of twenty months 
after resection of their cancers. In th e 2 
patients in whom lobectomy was perfonne » 
there was no evidence of local recurrence in 
26 per cent; metastases in the ipsilater 
lymph nodes were encountered in 21 per cent, 
and there was no recurrence in the pericar- 
dium [19]. . . 

Accordingly, lobectomy is curing a signi- 
ficant number of patients with bronchogenic 
carcinoma while leaving them with norma 
respiratory function. 
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chains and a few inconstant rctrotrachcal 
nodes. 

Right Paratracheal Nodes 
The paratracheal nodes are placed in a 
niche, the boundary of which is as follows: 
in the front, the superior vena cava and the 
right innominate vein; behind, the right an- 
terolateral surface of the trachea; medially, 
the arch of the aorta and the innominate 
artery; above, the right subclavian artery 
surrounded by the right recurrent nerve; 
below, the arch of the vena azygos; laterally, 
the niche is closed by that part of the medi- 
astinal pleura which extends from the su- 
perior vena cava and the right innominate 
vein to the right lateral border of the trachea, 
and which is skirted by the vagus nerve. 

The right paratracheal chain consists of 
three to six nodes which may be arranged in 
a single file, although most of these are in 
groups of two to three in juxtaposition. The 
chain is not truly vertical but bends some- 
what posteriorly. The highest node is at the 
same time the most laterally placed and the 
most posterior, and is often remarkable for 
its size, particularly when it receives a large 
lymphatic trunk coming from the nodes at 
the bifurcation. It rests immediately below 
the right subclavian artery but may insinuate 
itself partly behind this vessel Above this 
node arise the nodes of the right recurrent 
chain. Geoata% , Ibft touts.*, wadft of xvgxt 
paratracheal chain is the largest and is always 
found at the arch of the vena azygos, which 
in the majority of cases covers its lower pole, 
or actually the node may project over this 
vein. It has been called the “node of the 
arch of the vena azygos” (the azygos vein 
node) . 

Afferent and efferent lymphatics in this 
group form a very important ascending right 
paratracheal lymphatic path, which is a con- 
tinuation of the vessels that issue from the 
right lung, the right suprabronchial and retro- 
bronchial nodes, and from the nodes of the 
bifurcation. This path also receives directly 
some lymphatic vessels from the trachea, the 
esophagus, and the thymus gland It termi- 
nates above either in the right lymphatic 
duct or in a separate entrance into the 
jugulosubclavian angle. 
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Left Paratracheal Nodes 

The left paratracheal chain consists of four 
or five nodes placed along the anterior and 
medial aspects of the vertical segment of the 
left recurrent nerve, occupying a position 
along the recurrent nerve lateral to the left 
posterolateral border of the trachea, medial to 
the pleura, and medial and posterior to the 
arch of the aorta and the left subclavian 
artery They ascend in the left paratracheal 
lymphatic path. 

The rctrotrachcal nodes arc placed behind 
the inferior part of the trachea on the path 
of the lymphatic vessels that unite the sub- 
carmal nodes to the right paratracheal chain. 
These arc present in about one eighth of the 
cases. Generally there is but one node placed 
a little above the tracheobronchial angle near 
the right border of the posterior surface of 
the trachea along the esophagus and the 
vagus nerve. 

SUBCARINAL NODES (NODES OF THE 
TRACHEAL BIFURCATION) 

This group occupies the interval between 
the trachea formed by the divisions of its two 
bronchi and above the inferior pulmonary 
veins. There arc usually three to five nodes, 
which arc fused in such a way as to have a 
mammiliform shape, indicating an incom- 
plete division of this node into smaller ele- 
ments The total number of elements in it 
vanes. These nodes are in contact with the 
inferior border of the trachea and the supra- 
jaccnt bronchus. They even extend somewhat 
in front of the tracheal spur, and there is a 
bond of union between the subcarinal nodes 
and the inferior extremities of the para- 
tracheal chain. They are in relation with the 
pericardium in front and with the esophagus, 
vena azygos, and aorta behind. The efferent 
lymphatics from these nodes usually proceed 
to the right paratracheal chain (rarely to the 
left paratracheal chain), and reach their desti- 
nation and pass either in front of or behind 
the tracheobronchial tree. 

NODES OF THE PULMONARY ROOTS 
A group of nodes is placed between the 
elements that make up the pulmonary root. 
They are listed as anterior, posterior, superior. 
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and its effect upon prognosis.) 

At the Memorial Center there arc eleven 
patients operated on five or more years ago 
who have lived without recurrence after radi- 
cal pneumonectomy and whose specimens 
showed evidence of metastatic cancer in 
lymph nodes. The types of cancer in this 
group were: eight epidermoid carcinomas, one 
adenocarcinoma, one terminal bronchiolar 
carcinoma, and one malignant bronchia! ade- 
noma. 

It can be seen, therefore, that prolongation 
of life has been effected largely by the exci- 
sion of the cxtrapulmonically placed lymph 
nodes as part of the operation for pulmonary 
cancer, and there is an important prognostic 
value derived from an analysis of the contents 
of such nodes. 

We have added resection of hilar and medi- 
astinal lymph nodes to pulmonary resection as 
a part of radical pneumonectomy. It seemed 
logical to explore the value of such an addi- 
tion to a lobectomy. For a better understand- 
ing of radical lobectomy, an anatomic and 
physiologic description of pulmonary lym- 
phatic drainage follows. 

LYMPHATIC SYSTEM OF THE LUNG 

No article on lymph node drainage should 
begin without a tribute to the excellent studies 
of Rouviere [18], and it is strongly recom- 
mended that his original work be consulted 
for a more detailed and thorough account 
than that which follows and which was de- 
rived liberally from it. 

Rouviere points out that even as there are 
different anatomic features to the contents of 
the right and left thoracic cavities, so are 
there variations in the lymph node pattern 
and drainage on both sides He defines sev- 
eral major divisions of node-bearing regions: 
mediastinal, tracheobronchial, and intrapul- 
monary. 

MEDIASTINAL LYMPH NODES 

The anterior mediastinal or prevascular 
nodes are placed in the superior portion of 
the mediastinum in front of the large blood 
vessels, which are connected with the heart. 
On the right side, the chain is placed in front 
of the superior vena cava and the right in- 
nominate vein in a prevenous location with 


one prominent node at the junction of both 
innominate veins. Lymph nodes about the 
right phrenic nerve and inferior vena cava 
also drain into this pathway, terminating at 
the right jugulosubclavian junction or the 
right lymphatic duct. 

The left anterior mediastinal chain is pre- 
arterial, or, more exactly, prcaorticocarotid 
It commences in a node of good size placed 
just in front of the Jigamcntum arteriosum, 
which rests on the left pulmonary artery. The 
left anterior mediastinal chain (preaortico- 
carotid) ascends between the phrenic and the 
vagus nerves, following chiefly the course of 
the latter nerve. The nodes of this chain are 
placed from below upward, at first in front 
of and on the superior border of the aortic 
arch, then above this vessel on the antero- 
lateral surface of the common carotid artery- 
Often a few nodes are placed somewhat 
medially along or a little in front of the ngbt 
lateral border of the thymus gland. The le t 
lymphatic mediastinal path terminates in t e 
thoracic duct or directly into the jugulosu • 
clavian venous junction. 

The transverse anterior mediastinal chain 
nodes are placed along the superior and in- 
ferior borders of the left innominate vein and 
may form an anastomosis between the rig 
and left mediastinal pathways, as well as c 
tween the right and left paratracheal c ara 
of nodes. 

The posterior mediastinal nodes are jux a 
esophageal. Normally two to five nodes are 
placed along the lateral borders of the esop 3 
gus at the level or somewhat below the in 
ferior pulmonary vein and occasions y 
between the esophagus and the aorta. e 
greater number of the efferent vessels fr° n ’ 
these pour their contents into the subcarina 
(intertracheobronchial) nodes while the res 
empty into the thoracic duct. These can e 
grouped for purposes of simplicity with t 
pre-esophageal group described later. 

TRACHEOBRONCHIAL LYMPH NODES 

These include the paratracheal nodes, sub- 
carinal nodes (or nodes of the bifurcation), 
and the nodes of the pulmonary roots. Two 
principal chains of nodes are present: the 
right and the left lateral or paratracheal 
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chains and a few inconstant retrotracheal 
nodes. 

Right Paratracheal Nodes 
The paratracheal nodes arc placed in a 
niche, the boundary of which is as follows: 
in the front, the superior vena cava and the 
right innominate vein; behind, the right an- 
terolateral surface of the trachea; medially, 
the arch of the aorta and the innominate 
artery; above, the right subclavian artery 
surrounded by the right recurrent nerve; 
below, the arch of the vena azygos; laterally, 
the niche is closed by that part of the medi- 
-ptewa nAm&i %x.Vfnd& hm su- 
perior vena cava and the right innominate 
vein to the right lateral border of the trachea, 
and which is skirted by the vagus nerve. 

The right paratracheal chain consists of 
three to six nodes which may be arranged in 
a single file, although most of these arc in 
groups of two to three in juxtaposition The 
chain is not truly vertical but bends some- 
what posteriorly. The highest node is at the 
same time the most laterally placed and the 
most posterior, and is often remarkable for 
its size, particularly when it receives a large 
lymphatic trunk coming from the nodes at 
the bifurcation. It rests immediately below 
the right subclavian artery but may insinuate 
itself partly behind this vessel. Above this 
node arise the nodes of the right recurrent 
chain. Generally, the lowest node of this right 
paratracheal chain is the largest and is always 
found at the arch of the vena azygos, which 
in the majority of cases covers its lower pole, 
or actually the node may project over this 
vein. It has been called the “node of the 
arch of the vena azygos” (the azygos vein 
node) . 

Afferent and efferent lymphatics in this 
group form a very important ascending right 
paratracheal lymphatic path, which is a con- 
tinuation of the vessels that issue from the 
fight lung, the right suprabronchial and retro- 
bronchial nodes, and from the nodes of the 
bifurcation. This path also receives directly 
some lymphatic vessels from the trachea, the 
esophagus, and the thymus gland. It termi- 
nates above either in the right lymphatic 
duct or in a separate entrance into the 
jugulosubclavian angle. 
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left Paratracheal Nodes 

The left paratracheal chain consists of four 
or five nodes placed along the anterior and 
medial aspects of the vertical segment of the 
left recurrent nerve, occupying a position 
along the recurrent nerve lateral to the left 
posterolateral border of the trachea, medial to 
the pleura, and medial and posterior to the 
arch of the aorta and the left subclavian 
artery They ascend in the left paratracheal 
lymphatic path. 

The retrotracheal nodes are placed behind 
the inferior part of the trachea on the path 
of the lymphatic vessels that unite the sub- 
carina’i nodes to Vne rigYil paraYrecYiea'i chain. 
These arc present in about one eighth of the 
cases Generally there is but one node placed 
a little above the tracheobronchial angle near 
the right border of the posterior surface of 
the trachea along the esophagus and the 
vagus nerve. 

SUBCARINAL NODES (NODES OF THE 
TRACHEAL BIFURCATION) 

This group occupies the interval between 
the trachea formed by the divisions of its two 
bronchi and above the inferior pulmonary 
veins. There are usually three to five nodes, 
which arc fused in such a way as to have a 
mammtliform shape, indicating an incom- 
plete division of this node into smaller ele- 
ments. The total number of elements m it 
varies These nodes are in contact with the 
inferior border of the trachea and the supra- 
jacent bronchus. They even extend somewhat 
in front of the tracheal spur, and there is a 
bond of union between the subcarinal nodes 
and the inferior extremities of the para- 
tracheal chain. They are in relation with the 
pericardium in front and with the esophagus, 
vena azygos, and aorta behind. The efferent 
lymphatics from these nodes usually proceed 
to the right paratracheal chain (rarely to the 
left paratracheal chain), and reach their desti- 
nation and pass either in front of or behind 
the tracheobronchial tree. 

NODES OF THE PULMONARY ROOTS 

A group of nodes is placed between the 
elements that make up the pulmonary root. 
They are listed as anterior., posterin': , t 
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and inferior, according to their position and 
relation to the respective bronchus. They arc 
present, if anterior, in prevenous, prcartcrial, 
and prebronchial locations. The posterior 
nodes arc found more frequently on the right 
side than on the left. The superior nodes, 
about one to three in number, are found 
most often on the left side, and he along the 
superior border of the bronchus and behind 
the left pulmonary artery. This chain is con- 
stant and continuous above with the lateral 
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more often on the left than on the right side 
(the latter in only 20 per cent of the cases 
according to Rouvierc). These drain to the 
subcarinal nodes (cf. above, posterior medi- 
astinal nodes) and can drain to the infradia- 
phragmatic region as well. 

INTRAPUIMONARY NODES 

Nodes are placed along the bronchoartenal 
trees of each lobe, and it is important to note 
that the principal node draining one lobe 



Fig 22B-1. Diagram illustrating lymphatic drainage of the 
lungs, divided into superior, middle, ond inferior regions. The 
right lung. A, drains entirely up the right lymphatic pathway. 
The lower two segments of the left lung, lower 6, drain pre- 
dominantly to the subcarinal nodes ond then up the right ’ 
lymphatic pathway. Occasionally they may also travel up the - 
left lymphatic pathway, joining the drainage from the superior 
section of the left lung, upper B. (Note that the sections are not 
confined by major fissures) C. Azygos major vein. D. Pulmonary 
artery. (From Drinker [11], after Rouvi&re.) 


tracheal, left recurrent cham of nodes by 
means of a lymphatic vessel that passes below 
the arch of the aorta and the ligamentum 
arteriosum (Figure 22B-16). There is a node 
of the loop of the left recurrent nerve at this 
level. Arnstein attributes certain cases of 
paralysis of the left recurrent nerve to tuber- 
culosis of these lymph nodes. This might also 
be true when metastases are present that burst 
the nodal capsule and invade the nerve sec- 
ondarily. 

The pre-esophageal nodes of the inferior 
pulmonary ligament extend from just below 
the bronchus to the diaphragm, and are found 


group may rest against the bronchus of an 
adjacent lobe. 

Each lung has three principal lymphatic 
regions: superior, middle, and inferior (F'Sj 
ure 22B-1 ). These are not limited by the usual 
anatomic boundaries or major fissures In 
fact, when there is incomplete separation of 
lobes from each other, interlobar lymphatics 
follow the communicating vascular channels. 

Right Lung 

The superior lymphatic region is repre- 
sented by the anteromedial portion of its 
upper lobe. Its collecting vessels are tributaries 


389 


Radical Lobectomy In the Treatment of Lung Cancer 

solely of the right paratrachcal nodes, par- 
ticularly of the node of the arch of the vena 
azygos. The middle lymphatic region, which 
includes the posterolateral region of the upper 
lobe, all the middle lobe, and the superior 
part of the lower lobe, conveys lymph to both 
the right lateral tracheal and subcarinal nodes. 

The inferior lymphatic region comprises the 
inferior region of the lower Jobe; the lymph 


region includes the inferior region of the 
upper lobe as well as the superior and middle 
regions of the lower lobe. The vessels termi- 
nate in part superiorly in the anterior medi- 
astinal and left paratrachcal nodes, and in 
part infenorly in the subcarinal nodes. The 
inferior lymphatic region represented by the 
inferior part of the lower lobe drains to the 
subcarinal nodes. 



Fig 22B 2. Right radical pneumonectomy specimen showing primory 
carcinoma of lUe right tower lobe with metostases to the subcarinal 
("hilar") and paratracheol ("superior mediastinal tracheal nodes") 
lymph nodes 


from this region is poured almost entirely 
into the subcarinal nodes. 

left Lung 

The superior lymphatic region is comprised 
of the superior region of its upper lobe, the 
lymph-collecting vessels of this connect with 
the left paratracheal chain, the node of the 
ductus arteriosus with the left anteromcdi- 
astmal nodes, and with the node of the loop of 
the left recurrent nerve. The middle lymphatic 


Since the subcarinal nodes normally convey 
their efferent lymphatic trunks to the right 
paratracheal group, it follows that only the 
superior lymphatic region of the left lung in 
its entirety and the middle region of the same 
lung in part divert most of their lymph into 
the anterior mediastinal and left paratracheal 
nodes, and thence into the left jugulosub- 
clavian venous confluence. With this knowl- 
edge, it might seem possible to foretell to 
some degree by which lymphatic route cancer 
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might progress, the site of which in the lung 
has previously been established. However, a 
carcinoma of the left upper lobe undoubtedly 
could cross lymphatic regions so that it may 
send mctastascs not only to the paratrachcal 
and subaortic nodes but also to the subcarinal 
group as well [16]. 

LYMPHATIC DRAINAGE OF THE LUNG 

Confirmation of Rouvifcrc’s dissection and 
deductions is found in Drinker’s [11] report 
(Figure 220-1). He cannulizcd separately the 
right lymphatic and the thoracic ducts in 


Intralhoraclc Tumors 
firmation. It has been noted that lymph nodes 
containing metastatic lung cancer located in 
the right supraclavicular region just behind 
the clavicular head of the sternocleidomastoid 
muscle can be traced not only to carcinomas 
having their origin in the right lung, but also 
to cancers in the middle and lower lymphatic 
regions of the left lung. In fact, one m3y 
speculate that cancers of the lower two 
lymphatic regions of the left lung will have 
a poorer prognosis than do those of the right 
lung, because the contralateral placement of 
communicating lymph nodes will preclude 



Fig. 22B-3 Right radical pneumonectomy specimen with metal tags to label different nodal levels for 
identification by the pathologists 


dogs. Carbon particles were then deposited 
carefully by bronchoscope in various segments 
of the lung and their reappearance in the 
lymph flow of the right or left cannulas was 
noted. 

As might be anticipated from Rouviere’s 
work, when the particles were placed m any 
segment of the right lung or in the lower two- 
thirds of the left lung, the lymph emerging 
from the right cannula (“x” in Figure 22B-I) 
was colored by them, while that from the 
thoracic duct remained clear. Only when par- 
ticles were deposited in the superior portion 
of the left upper lobe did they appear in the 
lymph issuing from the left cannula. 

These experiments have found clinical con- 


their inclusion in a block dissection shou 
they contain metastases. These pathways have 
been graphically demonstrated by the use o 
dyes according to the technic of Weinberg 
[20] (Chap. 19). 

Specimens removed by radical pneumonec 
tomy and radical lobectomy with their ly m P 
node groups intact and clearly marked so as 
to maintain their relative position Will 31 
further in delineating the pattern of metastatic 
spread [16] (Figures 22B-2 and 22B-3). 

A careful study of lymph node involve- 
ment by metastases from autopsy specimen 5 
of patients who have died of lung cancer has 
provided a real aid in determining the flight 
of metastases [15]. In this connection, Cr3- 
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foord [10] reported in his early articles at 
least three autopsies on patients who had had 
what was probably a simple pneumonectomy 
that revealed metastatic cancer in residual 
lymph nodes located in the paratrachcal re- 
gions. 

To be sure, variations in the pathways de- 
scribed above occur. In particular, metastasis 
from the lower two thirds of the left lung may 


TECHNIC OF RADICAL LOBECTOMY 

In the description of the technic to follow, 
emphasis is placed upon the method of lymph 
node dissection The ligation and division of 
the tributary vessels and the bronchi to the 
various lobes arc not included. These features 
are discussed in Chapter 22A. 

In keeping with the tradition of starting a 
block dissection for cancer, the first step of 



Fjg 22B-4. Right upper lobe radical lobectomy, anterior view Limit of excision 
indicated by broken line. Mote inclusion of nodes olong the intermediate bronchus 
and the important azygos vein node Stump of right lower lobe bronchus shown, lobe 
omitted for clarity (From W. G Cahan, tourtety Journal of Thoracic Surgery.) 


travel directly up the left side instead of by the 
more usual contralateral spread. In addition, 
with the choking of one node by metastasis, 
retrograde extension along pathways not ordi- 
narily taken does occur. Skipping of lymph 
nodes by metastases has also been noted. By 
and large, however, metastases probably 
progress according to the routes outlined 
above. 


each radical lobectomy ideally proceeds from 
the most distal region of potential spread and 
works back toward the hilus and the tumor. 
However, this cannot always be achieved, be- 
cause adhesions and many other conditions in 
the thorax can obliterate clear anatomic planes. 
Instead of starting with the lymphatic dis- 
section it may be necessary to begin at the 
hilus of the lobes by entering their fissures 
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fig 22B'5. Right upper lobe radical lobectomy. Right tide: 
parotracheal lymph node*. Heovy line Indicate* line of 
pleural incttion. 


and proceeding distalward, or using a combi- 
nation of these technics. Another technical 
variant may be indicated when the tumor in- 
vades the chest wall. It may be difficult to 



approach the hilus until this extension or 
peripheral fixation is mobilized. 

To approach either lung, the patient is 
placed in a true lateral position. This is pt^ 
ferred to the supine or prone position, for ’ 
provides an optimum exposure for me 
astinal lymph node dissection. The chest is 
entered through a long, parascapuhr j ncl ^° n 
and the bed of the fifth or sixth rib. y* 
pathologic setting is assessed, and if a radica 
lobectomy seems indicated and feasible, a n 
the patient’s general condition is satisfactory, 
the procedure is carried out. 

Right Upper lobe Radical Lobectomy 

A right upper lobe radical lobectomy (F’S' 
ure 22B-4) begins with the incision of tnc 
superior mediastinal pleura (Figure 22B-5) 
from the apex of the chest to the azygos veio 
arch just anterior to the vagus nerve. Su- 
periorly, a short horizontal limb is used t0 
facilitate exposure of the subclavian artery 
and right recurrent laryngeal nerve. 

For the paratracheal dissection, the anterior 
pleural flap is elevated to the anterolateral 
surface of the superior vena cava, the phrenic 
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Fig. 22B-7. Right upper lobe radical lobectomy. Right tide. 
A Apex of dissection beneath right subclavian artery. Note 
identification of right recurrent loryngeol nerve B. Vagus nerve 
distol to the recurrent laryngeal branch it divided Note clear- 
ing of retrocaval space. 


nerve being displaced with it (Figure 22B-6)* 
The superior (lap is mobilized as far as the 
vertebral bodies, leaving the vagus nerve un- 
covered. These flaps are retracted by the 
weight of hemostats fastened to sutures at- 
tached to their free edges. 

The azygos vein is transected between ties 
and ligatures and the anterior limb lifted 
forward, thereby elevating the superior vena 
cava to some extent. The areolar tissue is 
cleared laterally and posteriorly from the su- 
perior vena cava, from the apex of the chest 
1° an area just beneath the azygos vein junc- 
tion with it. The upper thoracic portion of 
t e vagus nerve is mobilized and the take-off 
° the right recurrent laryngeal branch is 
• entitled. The vagus is transected just distal 
to that point. This facilitates a clearer dissec- 
’°n of the paratrachcal areolar tissue (Fig- 
ure 22B-7). 

The apex of the dissection is the inferior 

order of the subclavian artery where a tongue 
o areolar, node-bearing tissue is isolated and 
divided. 


pJSLj**?" ** re ,ymph "odes lying In 
superior \ P „C e 0ns ns w elt as anterior to 
nodes liave'^. C , a ' a J ? nd , Innominate sems, tt 
‘he arbUnrv u b ,t en ‘ nc ' udet! , for they lie bey 
by tiift of lhe dissection as suttees 

that .he r^,° r .' ena cay a It was also thou 
side va, nrit of . lym P ha tic spread on the rt 
ea\al to thl e ? 0tn , nanlly paratracheat and re 
1 to the tuj-ulosubcJavUn Junction 


Next, attention is directed to the trachea. 
The fine connective tissue on its right lateral 
and anterior surfaces is found to separate 
readily, allowing the whole packet of tissue 
anterior to the trachea to be swept downward 
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Fig 22B-3. Right upper lobe radical lobectomy. Right tide: 
paratracheat lymph nodet. Heavy line Indicate! line of 
pleural Incision 


and proceeding distalward, or using a combi- 
nation o£ these technics Another technical 
variant may be indicated when the tumor in- 
vades the chest wall. It may be difficult to 



approach the hilus until this extension or 
peripheral fixation is mobilized. 

To approach either Jung, the patient is 
placed in a true lateral position. This is pre- 
ferred to the supine or prone position, for it 
provides an optimum exposure for medi- 
astinal lymph node dissection. The chest is 
entered through a long, parascapular incision 
and the bed of the fifth or sixth rib.' The 
pathologic setting is assessed, and if a radical 
lobectomy seems indicated and feasible, and 
the patient’s general condition is satisfactory, 
the procedure is carried out. 

Right Upper Lobe Radical Lobectomy 

A right upper lobe radical lobectomy (Fig- 
ure 22B-4) begins with the incision of the 
superior mediastinal pleura (Figure 22B-S) 
from the apex of the chest to the azygos vein 
arch just anterior to the vagus nerve. Su- 
periorly, a short horizontal limb is used to 
facilitate exposure of the subclavian artery 
and right recurrent laryngeal nerve. 

For the paratracheal dissection, the anterior 
pleural flap is elevated to the anterolateral 
surface of the superior vena cava, the phrenic 
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Fig 22B7. Right upper lobe rodieol lobectomy. Right lide: 
A. Apex of dissection beneoth right subclovian ortery. Note 
identification of right recurrent laryngeol nerve. B. Vague nerve 
disiol to the recurrent laryngeol branch is divided Note clear- 
ing of retroeova! space 


nerve being displaced with it (Figure 22B-6)* 
The superior flap is mobilized as far as the 
vertebral bodies, leaving the vagus nerve un- 
covered. These flaps arc retracted by the 
weight of hemostats fastened to sutures at- 
tached to their free edges. 

The azygos vein is transected between tics 
and ligatures and the anterior limb lifted 
forward, thereby elevating the superior vena 
cava to some extent. The areolar tissue is 
cleared laterally and posteriorly from the su- 
perior vena cava, from the apex of the chest 
to an area just beneath the azygos vein junc- 
tion with it. The upper thoracic portion of 
the vagus nerve is mobilized and the take-off 
of the right recurrent laryngeal branch is 
identified. The vagus is transected just distal 
to that point. This facilitates a clearer dissec- 
tion of the paratrachcal areolar tissue (Fig- 
ure 22B-7). 

The apex of the dissection is the inferior 
border of the subclavian artery where a tongue 
of areolar, node-bearing tissue is isolated and 
divided. 

•Although there are lymph nodes lying In the 
periphrenic regions as well ns anterior to the 
superior vena cava and Innominate veins, these 
nodes have not been Included, for they lie beyond 
the arbitrary limits ol the direction as suggested 
by the superior vena cava It was also thought 
that the route of lymphatic spread on the right 
side was predominantly para tracheal and retro- 
caval to the juguloaubclavlan Junction. 


Next, attention is directed to the trachea. 
The fine connective tissue on its right lateral 
and anterior surfaces is found to separate 
readily, allowing the whole packet of tissue 
anterior to the trachea to be swept downward 



Fig 22B 8 Right upper lobe radical lobectomy Right 
side- Retrotraeheal lymph node dissection. Note the 
most constant node at the tracheobronchial angle, also 
the boundaries of the retrocoval space. 
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each packet of nodes is mobilized, it should arterial trees of each lobe, and it is important 

be tacked (Figure 22B-8) to a convenient to note that the principal lymph node drain* 

point on the visceral pleura to keep it from ing one lobe group may rest against the 

obscuring the later dissection. bronchus of an adjacent lobe. The continua- 

An incision is then made in the interlobar tion of the right main-stem bronchus to form 

fissure separating the upper lobe from the the middle and lower lobe bronchi (intermedl- 



Fig 22B-10 Right middle and tower lobe radical lobectomy; posterior view, (from 
W. G. Cohan, courteiy Journal of Thoracic Surgery ) 


middle and lower lobes and carried down to 
the origin of the right upper lobe bronchus A 
group of nodes can be found surrounding 
the main-stem bronchus. The posterior nodes 
of this group are found near the anterior 
edge of the esophagus on the right. On the 
left, they are less frequently found. These are 
dissected toward the specimen. 

Lymph nodes are placed along the broncho- 


ate bronchus) can be traced and it is usually 
feasible, and indeed of decided importance, 
to include the nodes that present themselves 
adjacent to these structures. These are nodes 
that Borrie [2] described as being in the 
“sump” post lion, and usually represent the 
lowermost site of spread from right upper lobe 
cancers. The division of the upper lobe 
bronchus can be helpful in providing a more 
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begun at the diaphragm, with a division be- 
tween ligatures of the inferior pulmonary liga- 
ment. The esophagus is identified and the 
areolar and lymphatic tissue along its antero- 
lateral surface is elevated upward as far as the 
inferior pulmonary vein and tacked to the 
lower lobe. Steady, gentle traction on the lower 
lobe in an anterior direction will expose the 
subcarinal node packet. At this level this will 
become more available if the esophagus is 


origin of the right upper lobe bronchus is 
identified and the nodes arc taken from the 
intermediate bronchus and reflected toward 
the specimen. After identifying the right mid' 
die and lower lobe bronchi, their transection 
at this time will permit the inclusion of the 
more cryptically placed nodes about the origin 
of the right middle lobe bronchus. The di- 
vision of the tributary arteries and veins to 
these two lobes can then be made. 



retracted sharply posteriorly (Figure 22B- 
H). The inferior and medial edge of the 
subcarinal packet is usually easily dissected 
from the adjacent pericardium. It is not be- 
lieved necessary, as some authors advocate 
Pi, routinely to excise a portion of the peri- 
cardium with this packet, for only the most 
filamentous areolar connective tissue lies be- 
tween this lymph node group and the peri- 
cardium. By entering the plane adjacent to the 
posterior edges of the left, of contralateral 
bronchial cartilages (Figure 22B-11), simple 
and practically avascular mobilization of this 
nodal packet is effected 
Dissection is then carried to the main stem 
bronchus, exposing its posterior surface. The 


Left Upper Lobe Radical Lobectomy 

For a left upper lobe radical lobectomy 
(Figure 22B-12) incision is made into the 
mediastinal pleura, beginning at the apex of 
the chest and proceeding along the vagus nerve 
to the arch of the aorta (Figure 22B-13). Its 
posterior limb follows the aortic arch to the 
level of the bronchus. Its anterior limb ex- 
tends 1 to 2 cm. anterior to and inferiorly 
along the course of the phrenic nerve to the 
inferior pulmonary ligament to join the pos- 
terior incision. 

Flaps are elevated and retracted. The 
phrenic nerve is fully liberated throughout 
most of its upper mediastinal course so that it 
may be retracted anteriorly and posteriorly 
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Fig. 22B-11. Right tide: tubcorinal lymph nodei 
cfiijecled onto long from both bronchi Ond pericardium. 
Esophagus retracted posteriorly. (From W. G. Cohan, 
W. I Watson, ond i. 1. Pool [7], courtesy Journal of 
Ihoroeic Surgery.) 

thorough dissection of the retrocava! and 
peribronchial nodes. 

It is necessary, on occasion, in the treat- 
ment of cancers of the right upper lobe, to 
include the middle lobe as part of the block 
dissection. Such a bilobectomy is usually per- 
formed for the following three reasons: (1) 
when there is a partial to almost total 
symphysis of these two lobes; (2) when the 
tumor transgresses one lobe and is fixed to 
or invades the other; (3) when it is believed 
that a more complete dissection of the “sump” 
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area along the intermediate bronchus can be 
obtained. 

Middle Lobe Radical Lobectomy 

It is improbable that the middle lobe 
would be removed by itself if cancer were 
suspected except in the most unusual circum- 
stances, such as in very poor-risk patients. 
Tumors wilhin it arc almost always excised 
in combination with a right upper lobe radical 
lobectomy. To such a bilobcctomy are added 
not only all the nodes in the “sump" area, but 
as many as are available about the origin of 
the adjacent lower lobe bronchus as well. 

At all times the indications for one opera- 
tion or another are subject to flexibility and 
depend to a large extent upon the intrathoracic 
setting. For example, should the tumor extend 
between the middle and lower lobes, a lower 
lobe radical lobectomy cn bloc with the 
middle lobe may be performed (Figure 22B- 
9), leaving the right upper lobe intact. How- 
ever, the lymph node dissection of the upper 
mediastinal and paratracheal nodes, including 
the azygos node, may then be done separately. 

Right Lower Lobe Radical Lobectomy 

In a right lower lobe radical lobectomy (Fig- 
ures 22B-9 and 22B-10), a procedure in which 
a middle lobe usually is included, dissection is 



, 226-12. Ull upper lobe radicol lobectomy Broken line marks limit* of dissection. Note Inclusion of inter- 

bronchial lymph node ("sump" position) between upper and lower lobe bronchi Submarined nodes removed as o 
separate packet, (from W. C. Cohan, courtesy Journo f of Thoracic Surgery.) 
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the node of the ligamentum arteriosum* and 
that of the loop of the left recurrent nerve 
are freed. Lying between the superior border 
of the pulmonary artery and the anterior sur- 
face of the left main bronchus and extending 
beneath the aorta is a packet of nodes that 
must be dissected down toward the specimen. 
All these are included with the previously dis- 
sected mediastinal packet of tissue and tacked 
onto the lung surface. 



Fig 225-16 Left upper lobe radical lobectomy The 
Uep illustrated showi dissection of nodes beneath the 
aorta and taken from a radical pneumonectomy draw- 
ing Note divided ductus niteriosum (oeeoslonaUy neces- 
sary) 

The fissure between the upper and lower 
lobes is then divided and an approach made 
to the hilus. The incision made into the 
visceral pleura is curved anteriorly and pos- 
teriorly to meet the incision made previously 
in the mediastinal pleura. Starting with the 
bronchus to the left lower lobe (Figure 22B- 
12), the important lymph nodes that arc 
readily available in the “sump” position arc 
swept upward between the lower lobe 
bronchus and its corresponding artery up to 

•The llgamentum arteriosum has been dmded 
In some instances to permit a more thorough node 
dissection beneath the arch ot the aorta (Figure 


the take-off of the upper lobe bronchus. This 
last structure is isolated while dissecting the 
lymphatics toward the lung substance. By di- 
vision of the artery to the left upper lobe, the 
dissection of nodes from the superior border 
of the left main stem bronchus is facilitated 
and all these are included with those from the 
subaortic and anterior mediastinal dissections. 
The subcarmal nodes are occasionally in- 
cluded as a separate packet. This practice be- 
comes more routine in the light of the pres- 
ence of metastascs within them on several 
occasions. 

Left Lower Lobe Radical Lobectomy 

A left lower lobe radical lobectomy (Fig- 
ure 22B-I7) is similar to that on the right, in- 
cluding the pre-csophagcal, subcarinal, and 
peribronchial nodes (“sump” position) (Fig- 
ure 22B-18) located along the left main stem 
bronchus and immediately available around 
the left upper lobe bronchus. As on the right 
side, the left phrenic nerve is optionally 
crushed if a lower lobe is removed. The lingu- 
lar portion of the left upper lobe is not in- 
cluded although, as has been noted, the right 
middle lobe is taken as part of a right lower 
lobe radical lobectomy. 

Many patients who have a radical lobec- 
tomy performed are actual or potential pul- 
monary cripples, so that every effort is made 
to prevent compensatory emphysema of the 
lower lobes when an upper lobe lobectomy is 
performed. The space previously occupied by 
the upper lobes has been filled as follows: 
The parietal pleura occupying the dome and 
walls of the thorax is mobilized by extra- 
pleural dissection so that it collapses on the 
superior surface of the lower lobe. An Ivalon 
sponge is then inserted in this extrapleural 
space, after it has been autoclaved in saline, 
tailored to size and shape, and rinsed in 200 
to 300 cc. of a saline solution containing one 
million units of penicillin and 1 Gm. of strep- 
tomycin. Underwater drainage tubes are in- 
serted separately, both into the pleural cavity 
and into this extrapleural space. The drainage 
of the pleural cavity is ended about the third 
or fourth day, and that of the extrapleural 
space about a day or two later. The extra- 
pleural insertion of these Ivalon sponges has 
been performed in eight instances without any 
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Fig 228-18. Left lower lobe radical lobectomy; poitenor view. (From W. G. 
Cahan, touristy Journal of Thoracic Surgery.) 


calcified tuberculous lymph nodes. fore, during, and after the procedure, tumor 

There are two major indications for a radi- size, position, and histology. It is therefore im- 

cal lobectomy, namely, for the treatment of possible to insist upon any one procedure as 

(1) a primary cancer of the lung and (2) a the sole method of surgical treatment and 

long tumor whose nature is ambiguous. there are indications for operations of various 

complexities to meet varying conditions. These 
Indications for Radical Lobectomy for range from the wedge resection to the rela- 

Primary Lung Cancer tively complex, radical pneumonectomy that 

Many variables influence the decision about may also include portions of the trachea and 

the operation for primary cancer of the lung. the chest wall. 

These include age of the patient, position of In these pulmonary resections, one is con- 
the tumor, physiologic state of the patient be- stantly striking a balance between removing 




right leaf of the diaphragm, which will fill to 
a large extent the space left by the lobec- 
tomies. The virtue of this in preventing ex- 
cessive compensatory emphysema of the right 
upper lobe as well as reducing dead space must 
be balanced against the paradoxical respira- 
tions and attendant mediastinal swing that will 
occur. 


ation can, in part, be made preoperativcly by 
bronchoscopic visualization of the major 
bronchi. At the time of thoracotomy, palpa- 
tion and limited dissection about the hilus will 
also help to decide the feasibility of a lobec- 
tomy. At best this is only a gross estimate of 
tumor boundaries and can often be clouded 
by adjacent inflammation, fibrosis, and healed 
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ing, which is frequently held up to justify a 
lesser procedure for lung cancer, would not 
be tolerated in the treatment of cancer at other 
sites. 

In addition to this objection to a block dis- 
section of hilar and mediastinal lymph nodes 
as part of lung cancer surgery there arc the 
following: 

1. No statistical support up to now has 
shown a better cure rate for the more elabor- 
ate lymphatic dissection [14], 

2. Long-term survivals have resulted from 
resection of lung tumors without this addi- 
tional lymphatic dissection [9J. 

3. The probability of vascular invasion by 
the cancer is more significant in cure than 
lymph node involvement. Therefore, the exci- 
sion of these lymphatics would not be of suffi- 
cient value in the control of the cancer [8]. 

4. The macroscopic examination of the 
mediastinal lymph nodes at the time of ex- 
ploratory thoracotomy finds them cither “ob- 
viously” negative or positive for the presence 
of metastases. If "negative," no further lym- 
phatic dissection is deemed necessary, if "pos- 
itive,” additional lymphatic dissection is 
considered to be useless. 

5. Microscopic analysis by frozen section 
is made of a “representative” mediastinal 
lymph node plucked at the time of explora- 
tion. If negative, the rest of the chain is pre- 
sumed to be negative and allowed to remain 
intact, if positive, the prognosis is considered 
hopeless and a “palliative” excision of the 
lung tumor alone is completed. 

6. The more anaplastic histologic types of 
lung cancer are so lethal that it is questionable 
whether surgery is indicated at all If surgery 
is performed, only the simplest procedures are 
advocated and the more elaborate lymphatic 
dissection is considered to be futile. 

As these arguments strike at the center of 
the controversy, their validity should be dis- 
cussed. 

1. Because long-term survivals have fol- 
lowed less elaborate procedures, there is an 
understandable hesitancy to add further surgi- 
cal steps without first having concrete evi- 
dence of their value. 

One of the most important supports for the 
more complex lymphatic dissection is that 
five-year survivors of lung cancer who had 


hilar and mediastinal lymph node metastases 
removed by radical pneumonectomy are ac- 
cumulating. The fact that long-term survivors 
exist in this category must be considered to be 
a tribute to the more extensive lymphatic dis- 
section, for it is safe to say that these nodes 
would have been left behind in most instances 
had a simple pneumonectomy been performed. 
It should be remembered that such cancer- 
containing lymph nodes, if allowed to stay in 
place, would not have remained inert; the can- 
cer contained within them would probably 
have behaved in a progressively lethal fashion. 
It could have grown, burst the nodal capsule, 
and invaded adjacent vital structures, and/or 
sent off metastases to adjacent lymphatics, 
eventually to enter the blood stream. 

2. The success attributed to the cures ef- 
fective by a limited procedure such as a sim- 
ple lobectomy must be scrutinized in terms of 
the failures as well. In this regard, the work 
already quoted by Meade [15J and Thomas is 
strong evidence that cancer may be in the 
lymph nodes that lie beyond those removed by 
this operation as well as by a simple pneumo- 
nectomy. 

In much the same fashion, although there 
arc unquestionably cures that could be at- 
tributed to a simple mastectomy for breast 
cancer, many believe that danger attends an 
operation short of a radical mastectomy. For 
those who are interested in the surgical eradi- 
cation of cancer, it is common knowledge that 
the first attempt at removal is the optimum 
time for cure. These limited procedures, which 
run the risk of being classified as “a small 
operation for a small cancer,” leave too much 
to chance in the management of a disease as 
unpredictable and lethal as cancer. 

3. In considering venous invasion as in- 
fluencing judgment regarding the type of pul- 
monary resection to be undertaken, certain 
facts must be granted. Chief among these is 
that cancer of the lung all too frequently will 
metastasize to other organs by blood vascular 
routes, and it is not rare that this unfortunate 
fact becomes evident shortly after surgical 
excision. In an attempt to explain this, John- 
son, Kirby, and Blakemore [14] found de- 
monstrable blood invasion in 71 per cent 
of the surgical specimens (see Chap. 18). 
They concluded that with the finding of venous 
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cancer as thoroughly as possible and the 
physiologic ability of the patient to withstand 
such a removal, both during and following 
resection. Add to this the fact that there is a 
significant difference in the operative mortality 
between a lobectomy and a pneumonectomy, 
and it is understandable why opinions differ 
as to the procedure of choice. 


Fig 22B-19. Postoperative x-ray of patient in Figure 
22B-22 showing Ivalon sponge in right upper retro- 
pleural space ond McKenzie dips in place along the 
paratrocheal area Note how little tracheal shift or 
diaphragmatic rise has occurred after a right upper 
and middle lobe radical lobectomy 

The simplest procedure and the one most 
easily supported by the patient and, at the 
same time, most sparing of respiratory tissue 
is a wedge or segmental resection. This, of 
course, can be used only for peripherally 
placed lung cancers. However limited this re- 
section may be, five-year survivals have been 
reported following it, which suggests that in 
these instances, at least, the cancer of the lung 
had remained localized. 

For the most part, however, this procedure 
is reserved for poor-risk patients, for most 
lung cancers are notoriously invasive and a 
wedge resection must be considered hazardous 
because of the possibility of cutting across 
malignant tumor tissue. 

In the interest of providing a wider margin 
of normal tissue about these peripheral 
tumors, it seemed logical to utilize the natural 
boundaries of a lobe as the limits of excision. 


Intrathoraclc Tumors 
The fact that each lobe had its own broncho- 
vascular tributaries made a simple lobectomy 
feasible. 

If these peripheral tumors can be encom- 
passed by a simple lobectomy, the question 
naturally arises as to the need for a pneumo- 
nectomy, and this controversy is current at 
present [1, 9, 12]. The proponents of the 
lesser operation maintain that what is lost in 
the safety of the margin about the cancer is 
gained by a lower morbidity and mortality 
rate and better pulmonary function. Those 
who would advocate a pneumonectomy feel 
that it provides a more complete, intact unit 
about the cancer, that it is technically easier 
to perform, and that the morbidity and mor- 
tality rates, although presently high, can in 
time be considerably lowered. 

To these controversial points has been 
added the question of the inclusion of hilar 
and mediastinal lymph nodes as part of the 
pulmonary resection. Some surgeons appar- 
ently resorted to plucking these out at random 
in the hope of obtaining prognostic and even 
curative reward. They felt that this was a 
working compromise, for the mediastinal 
lymphatics were considered to be “a morass” 
and, as such, impossible to excise completely. 

In describing the step-by-step procedure of 
our version of a radical pneumonectomy in 
1951 [7], it was our contention that there were 
definite anatomic landmarks which, although 
varying from right to left side, could be relied 
upon as arbitrary boundaries and that the 
lymphatics so obtained could be maintained 
as a block dissection with the lung. At no 
time was the claim made that all hilar and 
mediastinal lymphatics were completely en- 
compassed by the line of resection, but some 
reassurance was gained from the fact that this 
problem was shared with operations for can- 
cer elsewhere in the body. The fact that the 
lymphatics have to be transected at one point 
is no different for the mediastinal lymphatics 
from those of the breast as this organ is re- 
moved from the chest wall. It is true also for 
colon resection, radical neck dissections, and 
for cancer operations in general. In other 
words, there will always be the risk that the 
cancer will extend beyond the line of excision, 
or may have spread either by Jymph or blood 
stream prior to surgery. This line of reason- 
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ing, which is frequently held up to justify a 
lesser procedure for lung cancer, would not 
be tolerated in the treatment of cancer at other 
sites 

In addition to this objection to a block dis- 
section of hilar and mediastinal lymph nodes 
as part of lung cancer surgery there arc the 
following: 

1. No statistical support up to now has 
shown a better cure rate for the more elabor- 
ate lymphatic dissection [14]. 

2. Long-term survivals have resulted from 
resection of lung tumors without this addi- 
tional lymphatic dissection |9J. 

3. The probability of vascular invasion by 
the cancer is more significant in cure than 
lymph node involvement. Therefore, the exci- 
sion of these lymphatics would not be of suffi- 
cient value in the control of the cancer [8] 

4. The macroscopic examination of the 
mediastinal lymph nodes at the time of ex- 
ploratory thoracotomy finds them cither “ob- 
viously” negative or positive for the presence 
of metastascs. If “negative," no further lym- 
phatic dissection is deemed necessary; if "pos- 
itive," additional lymphatic dissection is 
considered to be useless 

5. Microscopic analysis by frozen section 
is made of a "representative” mediastinal 
lymph node plucked at the time of explora- 
tion. If negative, the rest of the chain is pre- 
sumed to be negative and allowed to remain 
intact; if positive, the prognosis is considered 
hopeless and a “palliative" excision of the 
lung tumor alone is completed. 

6. The more anaplastic histologic types of 
ung cancer are so lethal that it is questionable 
whether surgery is indicated at all. If surgery 
is performed, only the simplest procedures are 
advocated and the more elaborate lymphatic 
dissection is considered to be futile. 

As these arguments strike at the center of 
•he controversy, their validity should be dis- 
cussed. 


1. Because long-term survivals have fol- 
owed less elaborate procedures, there is an 
understandable hesitancy to add further surgi- 
a steps without first having concrete evi- 
dence of their value. 

One of the most important supports for the 
ore complex lymphatic dissection is that 
•year survivors of lung cancer who had 


hilar and mediastinal lymph node metastases 
removed by radical pneumonectomy arc ac- 
cumulating. The fact that long-term survivors 
exist in this category must be considered to be 
a tribute to the more extensive lymphatic dis- 
section, for it is safe to say that these nodes 
would have been left behind in most instances 
had a simple pneumonectomy been performed. 
It should be remembered that such cancer- 
containing lymph nodes, if allowed to stay m 
place, would not have remained inert; the can- 
cer contained within them would probably 
have behaved in a progressively lethal fashion. 
It could have grown, burst the nodal capsule, 
and invaded adjacent vital structures, and/or 
sent off metastascs to adjacent lymphatics, 
eventually to enter the blood stream. 

2. The success attributed to the cures ef- 
fective by a limited procedure such as a sim- 
ple lobectomy must be scrutinized m terms of 
the failures as well. In this regard, the work 
already quoted by Meade £1 and Thomas is 
strong evidence that cancer may be in the 
lymph nodes that lie beyond those removed by 
this operation as well as by a simple pneumo- 
nectomy. 

In much the same fashion, although there 
are unquestionably cures that could be at- 
tributed to a simple mastectomy for breast 
cancer, many believe that danger attends an 
operation short of a radical mastectomy. For 
those who arc interested in the surgical eradi- 
cation of cancer, it is common knowledge that 
the first attempt at removal is the optimum 
time for cure. These limited procedures, which 
run the risk of being classified as “a small 
operation for a small cancer," leave too much 
to chance in the management of a disease as 
unpredictable and lethal as cancer. 

3. In considering venous invasion as in- 
fluencing judgment regarding the type of pul- 
monary resection to be undertaken, certain 
facts must be granted. Chief among these is 
that cancer of the lung all too frequently will 
metastasize to other organs by blood vascular 
routes, and it is not rare that this unfortunate 
fact becomes evident shortly after surgical 
excision. In an attempt to explain this, John- 
son, Kirby, and Blakemore 1 1 4] found de- 
monstrable blood invasion in 71 per cent 
of the surgical specimens (see Chap. 18). 
They concluded that with the finding of venous 
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lymphatics. The cautious observer will be 
most reluctant to draw a conclusion from 
them. He will have experienced on more than 
one occasion the startling histologic report 
that these firm, enlarged nodes arc indeed 
negative for metastascs. On the other hand, 
he will also have been surprised that micro- 
scopic reports revealed the presence of metas- 
tases in lymph nodes that he had included in 
his dissection, although he thought they were 
“obviously” negative [1 61. 

This equivocal nature of lymph nodes is 
most particularly applicable to those within 
the mediastinum, for these often have calcific 
deposits within them, making them harder 
than usual, or arc enlarged in response to the 
inflammation that frequently surrounds a can- 
cer of the lung. These misleading findings 
offer the most probable explanation for long- 
term survivals following a “palliative" lobec- 
tomy or pneumonectomy. These operations 
have usually been described as having been 
done to remove the primary lung cancer in 
the face of mediastinal lymph nodes that 
“obviously” contained metastascs. 

5. It is unreliable to base a lymphatic dis- 
section upon the frozen section of a repre- 
sentative node plucked from the lymphatic 
group at the time of surgery. First, it would 
have to be a good representative node and as 
there are from twenty to fifty in the mediasti- 
num, this would not be an easy choice. How- 
ever, even if one grants that certain lymph 
nodes suggest themselves by their position in 
relation to the primary cancer as well as by 
their size and consistency as being more posi- 
tive than others, it would be remembered first 
that it is technically difficult to do a frozen 
section on a lymph node; secondly, that lymph 
nodes can have small deposits at one edge that 
may fail to be part of the section viewed and 
can be revealed only by serial sections [19]. 

A third objection, although of infrequent oc- 
currence, is that oat-cell carcinoma deposited 
m lymph nodes is almost indistinguishable 
from hyperplastic lymphoid tissue, particularly 
a t the time of frozen section. One other point 
of reasoning would seem to be weak, if the 
node selected is negative for cancer, why must 
it be assumed that all the others in the group 
are innocent as well? If it is positive, does 
this mean that all the others in its group are 


to be so incriminated, and as such impossible 
to encompass by resection, and indicative of a 
hopeless setting? (Figure 22B-21.) 

6. In the more anaplastic types of cancer, 
including the oat-cell variety, the prognosis is 
undoubtedly poor. There is real question in- 
deed as to whether a patient should be sub- 



Fig 22B-21. Photomicrograph showing a small focus 
of metastatic epidermoid carcinoma from the lung in 
one paratracheal lymph nolle out of eight that were 
sectioned. 

jected to a surgical procedure for tumors as 
notorious for their tendency to rapid spread 
beyond the thorax. This finds support in the 
fact noted by Collier, Blakemore, Kyle, Enter- 
line, Kirby, and Johnson that all anaplastic 
types of cancer showed invasion of blood ves- 
sels in their specimens. It is rare to have a 
patient with oat-cell carcinoma of the lung 
who has lived more than twelve months fol- 
lowing its diagnosis 

Most of these anaplastic cancers are radio- 
sensitive, and one might properly ask if ir- 
radiation is not indeed the modality of 
choice. However, in the midst of the pessi- 
mism that understandably surrounds these 
tumors, it should be noted that some patients 
do survive five or more years after removal. 
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In support of this, Burford [4J states: ‘The 
high incidence of five-year survival wc ob- 
tained in cases of undifferentiated carcinoma, 
and in cases with gross lymph node and blood 
vessel invasion, has reinforced our feeling that 
the most important step in curing cancer is 
still the surgical removal of all tumor-contain- 
mg tissue, and that all patients should be con- 
sidered for resection if there is reasonable 
belief that this can be done.” If any surgical 
procedure is performed, it should certainly 
take into consideration the hilar and medi- 
astinal lymphatic dissection because, in addi- 
tion to their strong tendency to vascular in- 
vasion, they involve lymph nodes as well. In 
other words, if resection is indicated at all, it 
might as well provide every chance for 
survival. 

In summary and in the light of the above 
considerations, it would seem that with so 
much doubt as to the significance of the con- 
tents of the hilar and mediastinal lymph nodes 
at the time of surgery, it is far better practice 
to remove these by means of a logically con- 
structed, reasonably well-defined anatomic dis- 
section. It is our conviction that a radical 
pneumonectomy, as described in our clinic, 
fulfills these, and we believe it to be the treat- 
ment of choice for a primary cancer of the 
lung, when it is permitted. In most instances 
where there would be a contraindication to 
the removal of the entire lung, a radical lobec- 
tomy has been instituted as a compromise 
procedure. 

Indications for Radical Lobectomy for a 
Lung Tumor Whose Nature Is Ambiguous 

There are two clinical settings in which 
ambiguity surrounds the nature of a lung 
tumor: (I) A cancer primary at another site 
is associated with a solitary lung shadow. This 
lung shadow may represent either a separate 
primary lung cancer or a solitary metastasis. 
(2) A mass in the lung resembles cancer, but 
the diagnosis cannot be established with ab- 
solute finality, either before or during the 
operation. 

1. In our experience, we have been im- 
pressed with the frequency with which mul- 
tiple cancers, one of which is primary in the 
lung, have coexisted. We have amassed 165 
such instances. In the same period (1926- 


Infrathoracic Tumors 
1958), there have been forty-six solitary metas- 
tascs removed. It is not safe, therefore, to 
presume that a solitary lung shadow, either 
synchronous or metachronous with a cancer 
elsewhere in the body, is a metastasis. In fact, 
these figures suggest that it might be four to 
one in favor of its being a separate primary 
cancer. In either event, whether separate pri- 


L 

Fig. 226-22. X-ray showing metastatic lerctocarcinoma 
of ovary in right upper lobe which had a daughter 
metastasis In the azygos vein node (same patient as 
Figure 22B-1P) Patient had right upper and middle 
lobe radical lobectomy. Patient is without evidence of 
cancer eight year* later. 

mary cancer or metastasis, we know that local 
lymphatic extension can occur. This does not 
need documentation in the case of primary 
cancer of the Jung, but in nine metasfases to 
the lung removed by radical lobectomy, there 
were six instances in which daughter metas- 
tases existed in the hilar and mediastinal lym- 
phatics (Table 22B-4). In other words, a 
metastasis from another site deposited within 
the lung parenchyma can behave as though it 
had its origin there and its metastases can in 
turn proceed by lymphatic or venous routes 
(Figure 22B-22). 

2. As is often the case, an area of inflam- 
mation will frequently be present in associa- 
tion with cancer of the lung. This condition 
usually follows an obstruction of one of the 
bronchioles, which can produce distal atelec- 
tasis, pneumonia, and abscesses. It is not al- 
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ways possible, by preoperative cytologic 
studies or by biopsy at the time of thoracot- 
omy, to obtain a diagnosis either of a benign 
or a malignant process. In other words, it is 
not iafrequent at the time of exploratory 
thoracotomy that repeated biopsies and frozen 
section analyses of suspicious lung regions can 
be reported as showing chronic inflammation. 
This leaves in doubt whether these sections arc 
truly representative, or whether there is a 
more cryptically placed cancer. In this 
equivocal setting it is probably wisest to as- 
sume cancer to be present. As a compromise, 
therefore, a radical lobectomy is performed. 
This operation, while fulfilling the desirability 
of removing the tumefaction in the lung and 
many of its regional lymphatics, does not sub- 
ject the patient to the increased hazard of a 
pneumonectomy. 

END RESULTS OF RADICAL LOBECTOMY 

Forty-eight radical lobectomies were per- 
formed in the seven-year period from March, 


TABLE 22B-1,— Radical Lobectomy for 
Cancer and Allied Diseases 
(Author's Senes) 


Number performed, March. 


1951-March, 1958 

48 

Primary lung cancer 

34 

Metastases to lung 

9 

Inflammatory diseases 

5 

Postoperative deaths 

5 

TABLE 22B-2 —Radical Lobectomy for 

Cancer: Frequency of Metastasis to 

Regional Lymph Nodes 

Patients who had either 


primary lung cancer or 


a metastasis to lung 


removed 


Specimens showing metas- 


tahe deposits in mediastt- 


nal nodes beyond those 


usually taLen by simple 


lobectomy 

17 

Fer cent positive 


(2 not stated) 

Conditions 

17/41 (42 per cent) 



Metastases to lung 

6 


195I » March, 1958 (Table 22B-1) There 
were no postoperative complications other 
1 an those that caused five postoperative 


deaths from gastrointestinal hemorrhage, over- 
whelming infection, myocardial infarct, hem- 
orrhage m the operating room with cardiac 
failure, and one death of undetermined origin. 
This last occurred in a woman who had a 
right middle and upper lobe radical lobectomy 
in July, 1954, for an adenocarcinoma of the 
lung, and the last operation was a left upper 
lobe lobectomy in December, 1955, for ter- 
minal bronchiolar carcinoma. 

This mortality rate is high. There is no 
reason, however, to attribute any of the deaths 
to the more elaborate lymphatic dissection, a 
contention that is supported by the fact that 
there have been no postoperative complica- 
tions or mortality in the last thirteen patients 
undergoing radical lobectomy. Over half of 
these operations were performed by the surgi- 
cal Residents under supervision as one of their 
earliest thoracic procedures. 

End Results of Radical Lobectomy for 
Primary lung Cancer 
There were thirty-four primary lung can- 
cers removed by this method The histotogic 
types, as may be seen in Table 22B-3, m- 

TABLE 22B-3 —Radical Lobectomy for 
Cancer Relation of Histologic Type 
of Primary Lung Cancer to 
Nodal Metastases 

Extrapulmonic nodes containing metastatic 


cancer 

Epidermoid carcinoma 3 

Terminal bronchiolar carcinoma 4 

Anaplastic carcinoma 1 

Adenosquamous carcinoma 1 

Adenocarcinoma 2 

Total ] j 

Extrapulmonic nodes free of metastatic cancer 
Epidermoid carcinoma 7 

Terminal bronchiolar carcinoma 5 

Adenocarcinoma 4 

Mucoepidermoid carcinoma 3 

Anap!as(ic carcinoma \ 

Pleomorphic reticulum-cell sarcoma 1 

Total 21 

Not mentioned 2 


eluded the prevalent varieties except oat-cell 
carcinoma In this group of thirty-four, eleven 
patients had lymph nodes containing cancer 
beyond the limits of a simple lobectomy. 
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These again included five different histologic 
types. 

There were four patients with primary lung 
cancer operated on five or more years ago 
(Table 22B-4). Of these, one patient with pri- 

TABLE 22B-4. — Radical Lobectomy for 
Cancer. Definitive End Results 


Patients operated on 5 or more years ago 8 
Primary lung cancer 4 

Metastases to lung 4 

Patients with metastatic cancer in 

mediastinal nodes 5 

Alive and well 5 or more years 3 

Tumor diagnosis of the survivors with 
mediastinal nodes containing me- 
tastatic cancer 

Primary adenosquamous carcinoma of 


lung 1 

Metastatic rectal carcinoma 1 

Metastatic teratocarcinoma of ovary 1 

Osteogenic sarcoma (died of recurrence 
7 years after radical lobectomy) 1 

Patients with mediastinal nodes free of 

cancer 2 

Died postoperatively 1 

No evidence cancer 1 


mary adenosquamous carcinoma of the right 
upper lobe has lived over five years, although 
having had extrapulmonic lymph node metas- 
tases. One patient with negative extrapulmonic 
lymph nodes is alive and well One patient 
died postoperatively of myocardial infarct, 
and one died of recurrent cancer thirteen 
months later. 

End Results of Radical Lobectomy for 
Cancer Metastatic to the Lung 

Of the forty-eight radical lobectomies, nine 
were performed for metastases to the lung 
(Table 22B-1). There was no postoperative 
morbidity or mortality. The types of primary 
cancers included: two breast cancers, one in- 
stance each of rectal cancer, renal cancer, 
melanoma, osteogenic sarcoma, rhabdomyo- 
sarcoma, teratocarcinoma of the ovary, fibro- 
sarcoma 

Of these nine patients, six had hilar and 
mediastinal lymph nodes containing cancer be- 
yond the limits of excision of a simple lobec- 
tomy. 

Four patients in the group having metas- 


Intrathoracic Tumors 
tascs to the lung were operated on five or more 
years ago (Table 22B-4), and three of them 
had positively involved mediastinal lymph 
nodes. These included metastases from rectal 
cancer, a teratocarcinoma of the ovary, and 
an osteogenic sarcoma. The first three patients 
are alive and well, and the last-named died of 
cancer seven years after radical lobectomy. 

MULTIPLE PRIMARY CANCERS 

There were six instances of double primary 
cancers, in which one of each pair was in 
the lung. Other sites included: tongue, two; 
breast, two; larynx, one; lung, one. 

Radical Lobectomy for Nonneoplastic 
Lung Disease 

There were five radical lobectomies per- 
formed for tumorlike lung conditions that sub- 
sequently proved to be inflammatory. These 
included: four chronic pneumonias with 
atelectasis and/or abscess, and one lipoid 
pneumonia. There were no complications or 
mortalities in this series. 

DISCUSSION 

In reviewing the results previously listed, it 
can be seen m Table 22B-2 that of forty-one 
patients operated on either for primary can- 
cer or metastatic cancer to lung by means of 
a radical lobectomy, seventeen (or about 42 
per cent) had metastatic involvement of hilar 
and/or mediastinal lymph nodes. In other 
words, 42 per cent had more cancer removed 
by a radical lobectomy than would have been 
removed had a simple lobectomy been per- 
formed. 

Of these seventeen patients, five were oper- 
ated on five or more years ago, and three are 
alive without evidence of cancer at this time. 

The use of a radical lobectomy for the ex- 
cision of primary lung cancer in this series 
was for the most part m poor-risk individuals 
who had moderately severe cardiac disorders, 
bronchial asthma, emphysema, and/or ad- 
vanced years. In addition, in the five instances 
mentioned above, there was the association 
with another primary cancer at another site. 

It is not within the province of this chapter 
to argue the value of a lobectomy versus a 
pneumonectomy for the treatment of periph- 
erally placed primary lung cancer. However, 
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if the more limited procedure is performed, it 
is felt that the addition of the more extensive 
lymph node dissection improves the probabil- 
ities of cure. There is even suggestive evidence, 
we tentatively feel, that for cancers in the 
right upper lob c, a right upper lobe radical 
lobectomy, including the nodes in the “sump” 
position, might become the treatment of 
choice. Although such a confining procedure 
risks the possibility that retrograde lymphatic 
spread would extend the cancer beyond its 
arbitrary limits of dissection, nevertheless the 
sum total of survival that takes into considera- 
tion operative mortality rates must be consid- 
ered. However, these rates are not static and, 
it is hoped, can be improved to a reasonable 
level. 

Such a limited procedure as is described 
would be theoretically less advantageous for 
primary lung cancers in the right middle and 
right lower lobes, for the usual lymphatic cur- 
rents would tend to favor metastascs at loca- 
tions superior to and beyond the usual limits 
of excision of a right middle and lower lobe 
radical lobectomy. The same is true for pri- 
mary cancers in the left lower lobe. Here the 
possibility of metastascs extending first to the 
subcarinal and/or right paratracheal nodes 
makes a more complete extirpation more diffi- 
cult. Neoplasms m the left upper lobe (par- 
ticularly the superior portion) are perhaps 
theoretically more fayorabJe than those in the 
left lower lobe because their lymph node 


metastascs might remain ipsilateral. However, 
they too have a tendency to extend to the right 
side by way of the subcarinal and anterior 
mediastinal channels. 

Just what extra chance for survival is af- 
forded by the inclusion of the lymph nodes as 
part of a radical lobectomy or radical pneu- 
monectomy is difficult to determine at present 
because of the limited number of procedures 
performed. The same is true in defining 
prognosis derived from the pathologic mate- 
rial alone. 

Although a tentative attitude is necessary at 
this time, one fact seems to be evident: each 
case is a law unto itself, and survival probably 
is the result of the interplay of various patho- 
logic states with the intangible forces of host 
resistance. It is therefore unwise to permit a 
single, isolated clinical or pathologic feature 
(for example, the threat of blood vessel inva- 
sion or the finding of a single mediastinal 
lymph node positive for cancer) so to domi- 
nate the picture that all aggression ceases. In- 
stead, it would seem wiser to advocate an 
operation that attempts to eradicate most of 
the tangible elements in lung cancer, thus leav- 
ing less to chance. To our mind, a radical 
pneumonectomy and a radical lobectomy best 
fulfill this purpose. 


Grateful acknowledgment is made to Mrs Phyllis 
Pearce Atkinson for her many suggestions and 
help In compiling this chapter 
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These again included five different histologic 
types. 

There were four patients with primary lung 
cancer operated on five or more years ago 
(Table 22B-4). Of these, one patient with pri- 

TABLE 22B-4. — Radical Lobectomy for 
Cancer: Definitive End Results 


Patients operated on 5 or more years ago 8 
Primary lung cancer 4 

Metastases to lung 4 

Patients with metastatic cancer in 

mediastinal nodes 5 

Alive and well 5 or more years 3 


Tumor diagnosis of the survivors with 
mediastinal nodes containing me- 
tastatic cancer 

Primary adenosquamous carcinoma of 

lung 1 

Metastatic rectal carcinoma 1 

Metastatic teratocarcinoma of ovary 1 

Osteogenic sarcoma (died of recurrence 
7 years after radical lobectomy) 1 

Patients with mediastinal nodes free of 

cancer 2 

Died postoperatively 1 

No evidence cancer 1 


mary adenosquamous carcinoma of the right 
upper lobe has lived over five years, although 
having had extrapulmonic lymph node metas- 
tases. One patient with negative extrapulmonic 
lymph nodes is alive and well. One patient 
died postoperatively of myocardial infarct, 
and one died of recurrent cancer thirteen 
months later. 

End Results of Radical Lobectomy for 
Cancer Metastatic to the Lung 

Of the forty-eight radical lobectomies, nine 
were performed for metastases to the lung 
(Table 22B-1). There was no postoperative 
morbidity or mortality. The types of primary 
cancers included: two breast cancers; one in- 
stance each of rectal cancer, renal cancer, 
melanoma, osteogenic sarcoma, rhabdomyo- 
sarcoma, teratocarcinoma of the ovary, fibro- 
sarcoma. 

Of these nine patients, six had hilar and 
mediastinal lymph nodes containing cancer be- 
yond the limits of excision of a simple lobec- 
tomy. . 

Four patients in the group having metas- 


Intrathoracic Tumors 
tases to the lung were operated on five or more 
years ago (Table 22B-4), and three of them 
had positively involved mediastinal lymph 
nodes. These included metastases from rectal 
cancer, a teratocarcinoma of the ovary, and 
an osteogenic sarcoma. The first three patients 
are alive and well, and the last-named died of 
cancer seven years after radical lobectomy. 

MULTIPLE PRIMARY CANCERS 

There were six instances of double primary 
cancers, in which one of each pair was in 
the lung. Other sites included: tongue, two; 
breast, two; larynx, one; lung, one. 

Radical Lobectomy for Nonneoplastic 
Lung Disease 

There were five radical lobectomies per- 
formed for tumorlike lung conditions that sub- 
sequently proved to be inflammatory. These 
included: four chronic pneumonias with 
atelectasis and/or abscess, and one lipoid 
pneumonia. There were no complications or 
mortalities in this series. 

DISCUSSION 

In reviewing the results previously listed, it 
can be seen in Table 22B-2 that of forty-one 
patients operated on either for primary can- 
cer or metastatic cancer to lung by means of 
a radical lobectomy, seventeen (or about 42 
per cent) had metastatic involvement of hilar 
and/or mediastinal lymph nodes. In other 
words, 42 per cent had more cancer removed 
by a radical lobectomy than would have been 
removed had a simple lobectomy been per- 
formed. 

Of these seventeen patients, five were oper- 
ated on five or more years ago, and three are 
alive without evidence of cancer at this time. 

The use of a radical lobectomy for the ex- 
cision of primary lung cancer in this senes 
was for the most part in poor-risk individuals 
who had moderately severe cardiac disorders, 
bronchial asthma, emphysema, and/or ad- 
vanced years In addition, in the five instances 
mentioned above, there was the association 
with another primary cancer at another site. 

It is not within the province of this chapter 
to argue the value of a lobectomy versus a 
pneumonectomy for the treatment of periph- 
erally placed primary lung cancer. However, 
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Resection of Pulmonary Neoplasms That Have Extended to Contiguous Organs 

CONTRAINDICATIONS TO RADICAL nosis by bronchoscopy. The Papanicolaou 


EXCISION OF CONTIGUOUS 
STRUCTURES 

The presence of blood-stained fluid contain- 
ing malignant cells or of paralysis of the vocal 
cord, in our opinion, constitutes a contraindi- 
cation not only to resection of a portion of 
the thoracic cage but to exploratory thoracot- 
omy as well. 

If the necessity for the removal of contigu- 
ous structures is anticipated preoperatively, it 
is advisable to obtain lymph nodes from the 
fat pad over the anterior scalenus muscle 
through a cervical incision before exploring 
the thorax. If the lymph nodes are involved 
with carcinoma, exploration should be 
abandoned. 

The proved presence of distant metastasis 
will preclude the advisability of resections of 
the chest wall or the structures of the thorax 
in connection with pulmonary resection. The 
only possible exception to this rule will be in 
cases with intractable pain that appears to re- 
sult from chest wall invasion. 

IMPORTANCE OF THE ANATOMIC 
POSITION OF LUNG CANCER 
INVADING CONTIGUOUS 
STRUCTURES 

Resections of large portions of the chest 
wall are easier in the lower chest and more 
difficult near the apex. Invasion of the sternum 
does not present an insurmountable technical 
problem, but careful inspection of the medi- 
astinum will often reveal extensions of the 
neoplasm that cannot be resected. 

It is of particular importance, if contiguous 
structures are to be excised, that the pneumo- 
nectomy be of the type described by P. R. 
Allison [1]. The pulmonary vein should be 
divided within the pericardium and the tissues 
removed m continuity, including the pericar- 
dium and mediastinal pleura. (See Chap. 19 
for the technic of mediastinal resection.) 

Cancers of the lung situated in the posterior 
superior sulcus (Pancoast tumor) should not 
be resected if they have invaded the brachial 
plexus, sympathetic nervous system, or the 
blood supply to the upper extremities. These 
neoplasms vary in malignant potentialities but 
STQ frequently well differentiated. Usually it 
is impossible to obtain a positive tissue diag- 


tcchnic may hint of the diagnosis, and 
roentgen evidence for practical purposes may 
establish it. (See also Chap. 28.) 

It is apparent that resection of contiguous 
structures would call for a sacrifice of the 
upper extremity with little hope of a long-term 
arrest. Exploratory thoracotomy however, is 
mandatory. In a few cases the lesion will be 
a primary nerve tumor (one in many hun- 
dreds, in our experience) but a tissue diag- 
nosis can be made. Division of the second, 
third, fourth, and fifth intercostal nerves and 
the intercostal humeral nerve will usually re- 
sult in gratifying relief of pain. Many of these 
patients will live for several years and be able 
to carry on a productive life. It is of interest 
that a postcrosuperior sulcus tumor may pro- 
duce symptoms that ape those of cervical disc 
disease. Two known cases of futile therapy for 
cervical discs have been brought to our at- 
tention in patients with cancer of the lung. 

Invasion of the chest wall near the body of 
the vertebra is more an academic question 
than a practical one This is rarely seen except 
in cases with pleural involvement and obvious 
inoperable situations. Involvement of major 
mediastinal structures usually indicates total 
inoperability Removal of the parietal pleura 
in cases with massive pleural involvement, 
along with portions of the diaphragm if neces- 
sary, has been advocated by Cotton. It is 
doubtful that this extremely radical approach 
is worth while. 

FACTORS DETERMINING THE FEASIBILITY 
OF RESECTION OF CONTIGUOUS 
STRUCTURES INVOLVED BY 
BRONCHOGENIC 
CARCINOMA 

The feasibility of resecting and the decision 
to resect portions of the chest wall or other 
structures involved by lung cancer are not 
settled in the conference room, Only exposure 
of the neoplasm and knowledge of the cell 
type and its anatomic position will permit a 
rational evaluation. Timidity is perhaps worse 
than ignorance. 

The surgeon must determine to the best of 
his ability, first, whether the patient will sur- 
vive the operation; second, if there is a reason- 
able chance of palliation and a remote chance 



CHAPTER 23 


Resection of Pulmonary Neoplasms That Have 
Extended to Contiguous Organs 


Brian B. Blades 
and 

R . Carl Garby 


The necessity for the resection of pulmo- 
nary neoplasms that have extended to contigu- 
ous structures can only result from late 
neglected cases or from invasion of the 
thoracic cage by a silent peripheral carcinoma. 
There are no reliable data concerning the re- 
sults of resections of pulmonary neoplasms 
and involved contiguous structures. It is safe 
to predict, however, that few cases will be ar- 
rested for a long period since a neoplasm that 
has extended beyond the boundaries of lung 
tissue indicates far-advanced cancer. 

The decision to perform radical excision of 
contiguous structures involved by lung cancer 
will, therefore, first be judged on a basis of 
palliative benefits, with the remote chance of 
long-term or temporary arrest. 

TYPE OF CARCINOMA SUITED FOR 
RADICAL RESECTION 

There is considerable controversy concern- 
ing the ultimate prognosis of carcinoma of the 
lung, depending on histologic features. Neu- 
hof and Aufses [6] have stated that “The 
microscopic features of carcinoma of the lung 
bear no significant relationship to ultimate 
prognosis.” This may be true for cancers that 
are confined within lung tissues, but it cannot 
be applied if extirpation of any part of the 
thoracic wall or other contiguous tissues is 
undertaken, either with a hope of cure or for 
palliation. 

If contiguous structures are involved, 
Adams’ estimate of the importance of cell 
type should be accepted. He believes “The cell 


type of carcinoma found by microscopic 
examinations is the most important single con- 
sideration in the estimation of prognosis after 
resection. If the growth is undifferentiated or 
oat cell in type, less than a year of life may 
be expected” [2J. Radical resections of con- 
tiguous structures invaded by highly undiffer- 
entiated carcinoma are, therefore, undesirable. 
Conversely, this technic should be employed 
without hesitation in the presence of well-dif- 
ferentiated squamous-cell carcinomas. 

In this connection, it is appropriate to re- 
cord a word of warning concerning the evalu- 
ation of radical excisional surgery with re- 
moval of other tissues than the lung in cases 
with highly differentiated squamous-cell car- 
cinoma. The neoplasms may be indolent and 
not progress for many years. At the George 
Washington University Hospital we have a 
proved case of squamous-cell cancer of the 
lung that had been present for seven years and 
was finally treated by pneumonectomy when 
the patient developed hemoptysis. Surgical in- 
tervention had been recommended but refused 
by the patient until severe hemorrhage oc- 
curred. The lung could be resected even after 
the carcinoma had been present for a long 
time. 

The early work of Tuttle and Womack [10] 
suggests that peripheral bronchogenic carci- 
nomas are more apt to be highly malignant 
and undifferentiated than those arising in the 
larger bronchi Invasion of the thoracic cage 
will, of course, be more common for such 
peripheral tumors. 
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CONTRAINDICATIONS TO RADICAL 
EXCISION OF CONTIGUOUS 
STRUCTURES 

The presence of blood-stained fluid contain- 
ing malignant cells or of paralysis of the vocal 
cord, in our opinion, constitutes a contraindi- 
cation not only to resection of a portion of 
the thoracic cage but to exploratory thoracot- 
omy as well. 

If the necessity for the removal of contigu- 
ous structures is anticipated preoperatively, it 
is advisable to obtain lymph nodes from the 
fat pad over the anterior scalenus muscle 
through a cervical incision before exploring 
the thorax. If the lymph nodes are involved 
with carcinoma, exploration should be 
abandoned. 

The proved presence of distant metastasis 
will preclude the advisability of resections of 
the chest wall of the structures of the thorax 
in connection with pulmonary resection. The 
only possible exception to this rule will be in 
cases with intractable pain that appears to re- 
sult from chest wall invasion. 

IMPORTANCE OF THE ANATOMIC 
POSITION OF LUNG CANCER 
INVADING CONTIGUOUS 
STRUCTURES 

Resections of large portions of the chest 
wall are easier in the lower chest and more 
difficult near the apex. Invasion of the sternum 
does not present an insurmountable technical 
problem, but careful inspection of the medi- 
astinum wifi often reveal extensions of the 
neoplasm that cannot be resected 

It is of particular importance, if contiguous 
structures are to be excised, that the pneumo- 
nectomy be of the type described by P. R. 
Allison 11]. The pulmonary vein should be 
divided within the pericardium and the tissues 
removed in continuity, including the pericar- 
dium and mediastinal pleura. (See Chap. 19 
for the technic of mediastinal resection.) 

Cancers of the lung situated in the posterior 
superior sulcus (Pancoast tumor) should not 
e resected if they have invaded the brachial 
plexus, sympathetic nervous system, or the 
food supply to the upper extremities. These 
neoplasms vary in malignant potentialities but 
are frequently well differentiated. Usually it 
,m possible to obtain a positive tissue diag- 


nosis by bronchoscopy. The Papanicolaou 
technic may hint of the diagnosis, and 
roentgen evidence for practical purposes may 
establish it. (Sec also Chap. 28.) 

It is apparent that resection of contiguous 
structures would call for a sacrifice of the 
upper extremity with little hope of a long-term 
arrest. Exploratory thoracotomy however, is 
mandatory. In a few cases the lesion will be 
a primary nerve tumor (one in many hun- 
dreds, in our experience) but a tissue diag- 
nosis can be made. Division of the second, 
third, fourth, and fifth intercostal nerves and 
the intercostal humeral nerve will usually re- 
sult in gratifying relief of pain. Many of these 
patients will live for several years and be able 
to carry on a productive life. It is of interest 
that a posterosuperior sulcus tumor may pro- 
duce symptoms that ape those of cervical dtsc 
disease. Two known cases of futile therapy for 
cervical discs have been brought to our at- 
tention in patients with cancer of the lung. 

Invasion of the chest wall near the body of 
the vertebra is more an academic question 
than a practical one. This is rarely seen except 
in cases with pleural involvement and obvious 
inoperable situations. Involvement of major 
mediastinal structures usually indicates total 
inoperability. Removal of the parietal pleura 
in cases with massive pleural involvement, 
along with portions of the diaphragm if neces- 
sary, has been advocated by Cotton. It is 
doubtful that this extremely radical approach 
is worth while. 

FACTORS DETERMINING THE FEASIBILITY 
OF RESECTION OF CONTIGUOUS 
STRUCTURES INVOLVED BY 
BRONCHOGENIC 
CARCINOMA 

The feasibility of resecting and the decision 
to resect portions of the chest wall or other 
structures involved by lung cancer are not 
settled in the conference room. Only exposure 
of the neoplasm and knowledge of the cell 
type and its anatomic position will permit a 
rational evaluation. Timidity is perhaps worse 
than ignorance. 

The surgeon must determine to the best of 
his ability, first, whether the patient will sur- 
vive the operation; second, if there is a reason- 
able chance of palliation and a remote chance 
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of cure, and third, whether he will be able 
to close the wound. 

Wound Closure Following Resection 
of the Chest Wall 

Wide excision of cancer tissue offers the 
one chance of cure but there are certain an- 
atomic limitations that dictate the extent of 
the resection. New technics in blood vessel 
grafts suggest that even the great vessels might 
be resected. Large segments of the chest wall 
can be resected with little danger. 

Most defects of the thoracic cage can be re- 
paired by plastic procedures involving only 
the muscles, periosteum, and adjacent ribs. If 
the defects are so large that the tissue at hand 
is not adequate, fascia lata may be employed; 
and recently our experiences indicate that steel 
mesh gauze will be useful in reconstruction of 
the thoracic cage (Figure 23-1). Large chest 
wall defects are often necessary in connection 
with excisions of chest wall tumors of various 
types. (See Chap. 33 for a description of 
wound closure after resecting portions of the 
chest wall.) 

The fundamental problem, however, is not 
concerned with restoration of the chest wall or 
contiguous-structure continuity, but with the 
feasibility and advisability of radical extirpa- 
tion of cancer that has transgressed the 
boundaries of the organ in which it originated. 



Fig 23-1. Roentgenogram showing a large stainless 
steel mesh prosthesis, which was necessary after ex- 
cision of a large portion of a chest wall that had been 
Involved with carcinoma. 

Available surgical technics outlined by various 
thoracic surgeons erase the fear of being un- 
able to restore the continuity of the thoracic 
cage. The indefinable quality known as surgi- 
cal judgment must temporarily determine 
whether or not contiguous structures involved 
by cancer should be resected. 



CHAPTER 24 


Surgical Treatment of Metastases to the Lung 

Hiram T. Langsion 


To remove a secondary cancerous focus 
lying outside the anatomic field of the primary 
tumor from which it sprang is to be bold. The 
possibility, however, that the metastasis in 
question can be the only remaining bit of the 
cancer, as is substantiated by recorded suc- 
cesses when coupled with the relative safety 
of well-ordered pulmonary resection, justifies 
such aggressive action insofar as secondary 
pulmonary deposits are concerned. Obviously, 
these stipulations exclude from consideration 
patients with uncontrolled primary tumors and 
those with evidence of widespread cancerous 
dissemination. 

Accepting the ideal situation (which would 
be typified by a chest roentgenogram present- 
ing a well-circumscribed mass in one pul- 
monary lobe), not only are we spurred on to 
aggressiveness by its solitary appearance, but 
our hand is further reinforced by the possi- 
bility that this pulmonary lesion might be a 
second primary cancer or other lesion for 
which extirpation is mandatory or advisable 
(see p. 406). 

NATURE OF PULMONARY METASTASES 

The lungs are a predilect site for the de- 
velopment of metastases, and virtually any 
malignant tumor can be responsible for sec- 
ondary deposits therein. It has been estimated 
that only some 20 per cent of living individ- 
uals presenting evidence of pulmonary metas- 
tases have them so disposed anatomically that 
surgical resection might be feasible. However, 
it from this group are excluded as unsuited 
those patients with uncontrolled primary 
tumors or evidence of extrapulmonary metas- 
tasis as well, the figure falls to around 10 per 
cent. Actually, the final rate of acceptance for 


surgical extirpation in one such group was less 
than 1 per cent [9] 

The hypernephroma has perhaps been ac- 
corded highest popularity as a source of soli- 
tary or “cannon ball” metastasis; but when 
one reviews the cases that have sufficiently 
well satisfied the necessary clinical criteria of 
selection actually to be subjected to resections 
for pulmonary metastasis, carcinomas of the 
large bowel are the most frequent, followed by 
hypernephromas and sarcomas of the soft 
tissues, the fibrosarcomas accounting for the 
greatest number of the latter [10]. 

As with many of the other considerations 
concerning neoplastic diseases, the details 
governing the appearance and development of 
lung metastases are far from clear. It does 
seem generally accepted, however, that they 
arise in tumor emboli that are filtered out of 
the blood stream by the vascular mesh of the 
pulmonary circulation [13]. 

It seems probable that such tumor emboli 
may be more numerous and more frequent 
than is comforting to contemplate. Why only 
a few or, more particularly, why a single 
cluster only of neoplastic cells should flourish 
and others wither is intriguing indeed. 

Typically, lung metastases of solitary char- 
acter develop within the parenchyma, but they 
may lodge in such fashion as to invade and 
obstruct the bronchus m a manner reminiscent 
of a primary bronchogenic cancer. Bronchial 
involvement by lung metastasis, as demon- 
strated at post-mortem examination, occurred 
in some 18 per cent of patients in one series 
[8], but this incidence may have to be revised 
to between 35 per cent and 40 per cent [10] on 
the basis of more discriminating and detailed 
clinical reviews. 
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Fig 24-1. Illustrating some of the features of the precocious metastasis 
as well as the vagaries of pulmonary tumors, be they primary or secondary 
(Top) Gross specimen Two circumscribed neoplasms that were seen by 
chest roentgenogram in a fifty-seven-yea r-otd female who had no pulmonary 
symptoms Ho evidence of another neoplasm existed. (Bottom) The lung wos 
resected and revealed a metastatic fibrosarcoma. The primary site is un- 
known, unless it was the uterus removed twelve yeors before for "fibroids " 


to proof that it is not primary in the lung. 
Should perchance the tumor be accessible for 
biopsy at bronchoscopy, the correct diagnosis 
may possibly be made by this means. In the 
more common peripheral location, however, 
thoracotomy will be required to provide tissue 
for histologic study. Resorting to frozen-sec- 
tion examination at the time of thoracotomy 


may not permit differentiation of a metastatic 
from a primary tumor inasmuch as such a 
differential diagnosis calls for very clearly de- 
fined histologic features often not attainable 
by such quick methods In any event, once the 
diagnosis is established, there must needs be 
an often frustrating search for the undisclosed 
primary tumor, and this usually after the 
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Fig 24-2 (Top) These Iwo roentgenograms illustrate the more or less typical findings in solitary (presumably) 
metachronous metastasis to the lung in a forty-two-year-old female who had a resection of the low sigmoid colon for 
carcinoma one year previously. The solitary pulmonary metastasis was discovered by routine roentgenography There 
were no pulmonary symptoms (Bottom) This tumor, histologically typical of a pulmonary metastasis from a colonic 
carcinoma, was resected by pulmonary fobectomy. 


metastatic cancer has been accorded the re- 
sectional treatment demanded for a primary 
lung cancer with which it was confused. 

Since this relation between a primary 
tumor and its metastasis does not fall within 
the actual scope of this chapter, it can be dis- 
missed without further consideration. 


METACHRONOUS METASTASIS: THE 
SYNCHRONUS METASTASIS 
The appearance of a metachronous (Figure 
24-2) or a synchronous (Figure 24-3) pul- 
monary metastasis, however, calls for further 
elaboration. Whether its presence is suggested 
by the appearance of symptoms or is heralded 





Fig 24 3 Present! the problem of the synchronous metastasis noted in a fifty-mne-y ear-old male. 
(Top; Rectal symptoms led to the diagnosis of ° rectal carcinoma (Bottom) The pulmonary tumor was 
found by routine roentgenography. Because of signs and symptoms of pulmonary osteoarthropathy, it 
is speculated that the lung tumor is a second primary tumor. 


by roentgenographically demonstrated pathol- 
°gy, the answer to certain definite questions 
must be sought. 

Is the lesion seen on the roentgenogram or 
evidenced by pulmonary symptoms a metas- 
tasis? Is it an inflammatory lesion and there- 
fore unrelated to neoplasia? Or, finally, could 
it be a second primary cancer?* Obviously, in 
the face of a history of an eradicated primary 
cancer (metachronous lesion) or a known but 


as yet untreated cancer elsewhere in the body 
(synchronous lesion) , the first and most logi- 
• EommiAL Note Before performing a tho- 
racotomy for a presumptive solitary metastasis 
in the lung. It Is considered, good policy to 
study the lung fields more critically by the aid ol 
sagittal and anteroposterior tomography This pro- 
cedure on numerous occasions has demonstrated 
that in addition to the discrete metastatic focus 
visible on the conventional roentgenogram, other 
smaller, disseminated, and even bilateral metas- 
tases become apparent, a circumstance that ha® 
enabled both the surgeon and the patient to escape 
a futile operation 
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cal assumption is that the pulmonary lesion is 
a metastasis. 

Diagnostic Procedures 

The diagnostic exercises required to demon- 
strate the lesion’s neoplastic or nonneoplastic 
nature arc hardly germane to this discussion, 
but certain of the procedures do require com- 
ment. 

BRONCHOSCOPY 

Bronchoscopy is most valuable in the event 
of bronchial symptoms. A biopsy obtained by 
this means will be valuable indeed. 

CYTOLOGY OF BRONCHIAL SECRETION 

Exfoliation of cancer cells from a metas- 
tasis seems to be a relatively rare phenomenon 
and the percentage accuracy of cytologic diag- 
nosis is proportionately low (10 to 12 per 
cent) [4], The explanation for this paucity of 
positive cytologic findings in pulmonary 
metastases apparently lies in the fact that the 
bronchial mucosa can and does remain intact 
over the site of a metastatic tumor growing 
into the bronchial wall, in contrast to a bron- 
chogenic carcinoma, which implicates the 
mucosa originally and therefore is not barred 
from free exfoliation along its surface. 

ASPIRATION BIOPSY 

This diagnostic maneuver is mentioned 
principally for condemnation. 

INSUFFLATION OF AIR 

Pneumothorax may at times be useful in 
clarifying the anatomic location of certain 
lesions that may impinge upon the boundaries 
of the hemithorax, presupposing, of course, 
that a free pleural space exists. 

MISCELLANEOUS CONSIDERATIONS 

Various tests for sensitivity to such infec- 
tions as tuberculosis, coccidioidomycosis, and 
histoplasmosis, etc., are mentioned for com- 
pleteness. 

Even differentiation between a metastasis 
and a second primary neoplasm, be it syn- 
chronous or metachronous, demands great 
diagnostic acumen, because the pathologist 
must rely on his ability to recognize the parent 
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cell responsible for the mitotic descendents 
in question (Figures 24-4 and 24-5). 

MANAGEMENT OF A PULMONARY 
LESION BELIEVED TO BE A 
CANCER METASTASIS 

Indications for Surgical Exploration 
and Resection 

There must be some reasonable assurance 
that the pulmonary lesion might be the one 
remaining portion of the neoplasm, or that it 
is a lesion unrelated to the known cancer, be- 
fore exploration of the thorax with the intent 
of resecting it is justified. 

CRITERIA OF MANAGEMENT IN 
METACHRONOUS LESIONS 

In metachronous lesions, careful appraisal 
of the adequacy with which the former cancer 
has been treated is paramount. When it oc- 
curred in accessible regions of the body, direct 
examination, including biopsy of any suspi- 
cious areas, is justified. In visceral cancer this 
appraisal usually is done by much more in- 
direct methods, but should be undertaken with 
all diligence. If all clinical findings are nega- 
tive for evidence of local recurrence, it seems 
hardly justifiable in remote regions of the body 
to resort to preliminary exploratory operations, 
it being rather more logical to Care for the 
known pulmonary tumor first. Thus, if the 
situation in question gives no evidence of local 
recurrence or generalized dissemination of 
the original neoplasm, attention can be fo- 
cused upon the pulmonary lesion. 

In Peripheral Location 

In the event that the lung lesion appears as 
a discrete intrapulmonary mass, relatively lit- 
tle time need be consumed in diagnostic study 
because the great probability is that it repre- 
sents a neoplasm and even should it be of 
other etiology, its eradication is probably justi- 
fiable. 

Multiplicity of pulmonary lesions, even 
though they be confined to one lung or, pref- 
erably, one lobe of the lung, indicates caution 
but probably should still be considered for 
exploration and resection. The possibility that 
other small and therefore unrecognizable le- 
sions may be present in addition cannot be 
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excluded, of course, but this same gamble 
must be accepted even in the ideal situation 
of a rather clearly solitary lesion. The metas- 
tases could not have occurred after the eradi- 
cation of the primary cancer (assuming this 
was actually accomplished), so, to speculate 
that metastatic foci, seeded just before the 
eradication of the primary cancer was effected, 
are present but not visible is uncomfortable, 
but serves only to engender a defeatist at- 
titude. That courage in this regard can be 
rewarded by success is amply illustrated by 
the now famous case operated upon by Alex- 
ander til, where successive lobectomies were 
performed for successively demonstrated 
metastases appearing bilaterally in a patient 
whose primary cancer was presumably (at 
the time of decision and in the hindsight of 
twelve* years quite certainly) controlled. 

It is of course comforting to have several 
and preferably many months elapse after the 
primary operation before being called upon to 

•Currently, twenty years 






Fig 24-4 Illustrates the practical difficulty in clearly differentiating a metastatic cancer from a second primary can- 
ter. A sixty four-year-old female who ten years previously had undergone a right radical mastectomy for a poorly 
'wtienliated adenocarcinoma of the breast with axillary metastases (original slides not available) showed no evi- 
ence of recurrence. (Top) A right hilar shadow, discovered by routine roentgenography, had been present longer 
han one year Total pneumonectomy was required because of the location of the tumor, (Bottom /eft) Histologically 
y-- '• °3 a ' n an adenocarcinoma. (Bottom right) Photomicrograph of a mediastinal lymph node that was In- 
vo ed by a similar neoplasm. The point as to whether this lung lesion represents a metastasis from the breast or a 
econd primary cancer can be debated The evidence, however, seems to favor the latter opinion. 
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evaluate its adequacy preliminary to deciding 
for or against aggressive treatment of a sec- 
ondary deposit. Such lapse of time is, how- 
ever, not always afforded and the gamble 
must be taken if there is a reasonable chance 
that the primary cancer is controlled. 

In Central and Endobronchial Location 
Lesions located cndobronchially arc admit- 
tedly wore difficult to reconcile as being metas- 
tascs, unless they arc accessible to broncho- 
scopic biopsy. Once the diagnosis of pulmon- 
ary metastasis is established or by differential 
studies strongly suspected, however, the same 
criteria of management outlined for the pe- 
ripheral tumors are applicable. 

CRITERIA OF MANAGEMENT IN 
SYNCHRONOUS LESIONS 
The occurrence of a cancer at some extra- 
pulmonary site, accompanied by a pulmonary 
lesion acceptable as a metastasis therefrom, 
poses a problem in management that is ex- 



Fig. 24-5. Presents the problem of o second primary cancer in a sixty-one-year-old female who seven years previ- 
ously underwent a left radical mastectomy for carcinoma (Top) Pulmonary symptoms of four months' duration led 
to the roentgenographic findings os depicted. (Bottom Mt ) The neoplasm was resected by lobectomy There wos no 
oss mediastinal lymphadenopathy and the lymph nodes included in the specimen were negative for metastatic in* 
° r . men} Photomicrograph of the original breast cancer, an adenocarcinoma. (Bottom right) Photomicrograph of 
'thJpAmonery neoplasm, which Is a sarcoma and not refoted to the breast corcmoma. 
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cccdmgly difficult to subject to any rules. 
If the lung lesion is metastatic, the overwhelm- 
ing probability is that the primary cancer has 
already transcended the realm of operability 
or other chance at cure. In this respect, cancers 
of sarcomatous nature may offer a somewhat 
better outlook than the carcinomatous tumors, 
as will be elaborated upon later. If, however, 
the lung lesion is believed to be solitary, the 
primary neoplasm still should probably be 
explored with the idea of radical treatment. 
Should the prognosis seem reasonably good 
as a result of this procedure, the metastatic 
cancer may then be considered for treatment. 

Contraindications to Surgical Exploration 
or Resection 

Even though by original admission any con- 
sideration of resecting metastasis to the lung 
accepts virtually no contraindications to the 
performance of thoracotomy for this purpose, 
since by this means a chance at survival is 
offered instead of inevitable fatality, certain 
circumstances do not justify it. These include 
debilitating disease generally or advanced 
cardiac disease in particular, if these cannot 
be sufficiently well controlled to make sur- 
vival of the required pulmonary resection 
likely. 

Phrenic or recurrent laryngeal nerve paraly- 
sis usually denotes unresectability and there- 
fore constitutes a contraindication. If such 
paralysis is known to have occurred very 
recently, particularly in the case of phrenic 
paralysis where the nerve is presumed to be 
invaded along the pericardium, resection con- 
ceivably may still be possible. 

It should be pointed out that paralysis of 
the left recurrent laryngeal nerve usually 
means invasion of the hilus under the aortic 
arch, with great likelihood of unresectability. 
Involvement of the right recurrent laryngeal 
nerve usually signifies the presence of cancer 
in the root of the right neck, because the 
nerve on this side does not descend into the 
thorax. Thus, with intrapulmonary tumors 
located at any point, including the right apex 
where direct extension can involve this nerve, 
the presence of a paralyzed right recurrent 
laryngeal nerve is generally construed as a 
contraindication to exploration because of un- 
resectability in the case of right apical tumors 
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where cxtrathoracic extension is probable, or 
because it is presumptive evidence of dis- 
seminated cancer when the demonstrated 
tumor is located elsewhere within the pul- 
monary field. 

A pleural effusion is a relative contraindi- 
cation in cases of known lung metastasis as 
it generally bespeaks pleural dissemination. 
The demonstration of tumor cells in the 
fluid makes the futility of surgical interven- 
tion certain. 

OPERATIVE PROCEDURES FOR 
PULMONARY METASTASES 

GENERAL CONSIDERATIONS 

Any patient coming to operation for a 
solitary metastasis is presumed to be in good 
general condition because, otherwise, grave 
concern should be expressed that further 
neoplasm is in existence. 

The approach to thoracotomy as generally 
used, and decidedly the one of my own per- 
sonal preference, is through a posterolateral 
incision, entering the pleural cavity through 
the bed of a resected rib, with the patient 
lying in right or left lateral decubitus po- 
sition. This provides for easy exposure and 
insures a secure closure of the thoracic cage 
(see Chap. 19). 

CONDUCT AT EXPLORATION 
OF THE CHEST 

The opened pleural cavity and its content 
should be explored by inspection and pal- 
pation in systematic fashion in order to deter- 
mine as nearly as possible the nature of the 
lesion under investigation. The mediastinum 
should likewise be examined with particular 
reference to the possible presence of lymph 
node involvement. 

Frozen-section examination of tissue ob- 
tained by excisional biopsy can usually be 
carried out in peripheral tumors and can be 
relied upon to differentiate between neoplasms 
and inflammatory processes, and similar ex- 
amination of any suspicious mediastinal ]ym- 
phadenopathy may be equally helpful, lev 
this regard, it must be remembered that re- 
gions of pneumonitis often surround peripheral 
neoplasms, and such changes are constantly 
present distal to neoplasms producing bron- 
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chia! obstruction. Care is therefore required 
to supply the pathologist with a specimen of 
actual tumor and not merely one from an in- 
durated lung, for otherwise a correct verdict 
cannot be given. Differentiation of a primary 
from a metastatic tumor poses a very difficult 
problem for the pathologist. 

The finding of nodules in the lung, other 
than the preoperatively recognized mass, is 
important and examination of one or more 
of these may readily corroborate the diagnosis 
of metastatic cancer even though it immedi- 
ately renders an almost certainly hopeless 
prognosis. 

EXTENT AND TYPE OF RESECTION 
TO BE UNDERTAKEN 

The extent of resection that is to be done 
for lung metastasis is determined by the loca- 
tion of the tumor. The consensus seems to 
indicate local extirpation, basically [11]. 
Whereas this may be accomplished by wedge 
excision in favorably located peripheral neo- 
plasms, lobectomy or pneumonectomy will 
be necessary in the more centrally placed 
tumors, particularly those situated endobron- 
chially. The choice between a wedge excision 
and an anatomically more accurate segmental 
resection of less than a pulmonary lobe would 
seem to be dependent upon the location of 
the tumor with respect to accessible lung 
margins and/or intersegmental boundaries. 
Wedge excision is not well suited to neoplasms 
located along the broadly curving lung sur- 
faces, being easiest to carry out in lesions 
at or near its sharper borders. Tumors loca- 
ted some distance subpleurally yet still within 
the lung periphery, insofar as general topo- 
graphic considerations are concerned, like- 
wise call for the more tedious but anatomically 
more accurate management by individual 
treatment of the arterial, venous, and bron- 
chial radicals that supply the segment or seg- 
ments involved. 

The adequacy of pulmonary lobectomy as 
treatment for selected primary lung cancers 
has been suggested [3] and may well be the 
anatomic unit of excision adequate for meta- 
static nodules in lung, unless wider excision 
is required by the location of the tumor. No 
definite conclusions seem permissible on the 
basis of the rather meager data available for 


analysis at the present time (see Chap. 22A). 

On the other hand, how radical an at- 
tempt at extirpating extensive pulmonary or 
intrathoracic metastases one is justified in 
making must be determined by individual and 
personal considerations. The philosophic and 
moral implications involved are not to be 
considered here, because they require the 
determination of that point where courage 
ceases to be courage and becomes fruitless 
mutilation. 

RESULTS 

On the basis of collected reports, 15 to 16 
per cent of patients who have been subjected 
to pulmonary resections for cancer metastatic 
to the lung have survived three years or 
longer. The operative mortality was 10 per 
cent [10]. 

It seems entirely justifiable to speculate that 
the figure for survival is low, and certainly a 
10 per cent mortality rate for what should be 
uncomplicated pulmonary resection is high. 

Both of these figures are based on material 
that covers a span of some twenty years. The 
natural evolution of the field of thoracic sur- 
gery has tended to highlight the early succes- 
ses as well as dilute the early high rate of 
operative risk. The towering strength of the 
pioneer spirit is reflected throughout this 
whole scene. 

The succeeding years will permit a factual 
statement on more accurate grounds than at 
present is possible as to three-year or five- 
year survival figures as more experience is 
collectively garnered. It is logical to say, how- 
ever, that such a figure will be directly propor- 
tional to the care expended m selecting pa- 
tients for treatment. On the other hand, a 
statistical result is not the goal of treatment; 
and resection of pulmonary metastases or the 
performance of exploratory thoracotomy for 
this purpose any time that there is reasonable 
chance that the pulmonary lesion is the only 
remaining bit of cancer is entirely justified 
under present-day concepts of management. 

The risk of well-ordered exploratory thora- 
cotomy is negligible and is but minimally in- 
creased for lobectomy. Pneumonectomy, when 
required, will carry a somewhat higher risk, 
particularly in the age group subtended by 
this discussion. The final figure for operative 
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risk will, however, probably represent a 
balance between the care exercised in select- 
ing candidates on the one hand and the 
sensible admission of defeat at the operating 
table on the other. 

The prognostic outlook seems better by a 
four to three margin for the solitary metas- 
tases arising from sarcomas as against car- 
cinomas [1, 10]. Even though the volume of 
material is insufficient to permit valid con- 
clusions, certain additive considerations may 
be called upon to reinforce such a contention- 
( 1 ) The greater general incidence of carcino- 
mas as opposed to sarcomas suggests that the 
percentage incidence of truly solitary sarcomas 
is higher than occurs with carcinomas, since 
there are fewer examples of sarcoma to select 
from. (2) The predilection of carcinomas to 
spread by way of the lymphatics hints strongly 
at the conclusion that the presence of a car- 
cinomatous pulmonary metastasis implies ex- 
tension of the primary cancer beyond its 
immediate lymphatic barriers. Conversely, 
since sarcomas spread by preference through 
the blood stream, a ready avenue for the 
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deposition of multiple metastases in the lung 
is provided. Thus, an apparently solitary lung 
lesion under these conditions lends strength 
to the possibility that it is truly single, either 
because other metastatic seedings have not 
occurred or, if they have taken place, have 
failed to flourish. 

Hypernephromas or renal cell carcinomas 
may share somewhat this same position with 
the sarcomas. One of the longest recorded sur- 
vivals was an adenocarcinoma of the kidney 
12 ]. 

Even though it is only during the very 
recent past that great interest has given strong 
impetus to work along these lines and the 
available data are at best fragmentary and 
sketchy, certain conclusions are obvious: (1) 
Cancer metastasizing to lung can be repre- 
sented by a single deposit whose removal can 
lead to cancer-free survival of many years. 
(2) The bearer of a metastatic pulmonary 
cancer should be given the benefit of resection 
if there is any reasonable probability that the 
tumor m question is the one remaining bit of 
the cancer. 



CHAPTER 25 


Radiation Treatment of Bronchogenic Carcinoma 


/socJore Lampe 


INDICATIONS AND CONTRAINDICATIONS 
FOR IRRADIATION OF LUNG CANCER 

Various opinions have been expressed re- 
garding the value of radiation therapy in car- 
cinoma of the bronchus. Ovcrholt stated 
that x-ray treatment had not yet produced a 
single cure and that inoperable cases were 
often made worse and survival shortened. Ed- 
wards [13] stated that x-ray therapy some years 
ago produced such general reactions as not to 
warrant submitting patients to treatment be- 
cause so many were made more miserable 
than if left alone. RienhofI [42] stated that 
radiation therapy is of no benefit. 

At present, the basic indication for x-ray 
treatment of bronchial carcinoma is a nega- 
tive one, namely, inoperability. This includes 
patients who are candidates for exploratory 
thoracotomy but who refuse operation, and 
those who on the basis of initial evaluation are 
also candidates for thoracotomy but the pro- 
cedure is not done because of contraindi- 
cations presented by other conditions (heart 
disease, etc.). In addition, there are patients 
who on clinical and radiologic evaluation are 
found to be suitable for thoracotomy but the 
operation demonstrates nonresectability; pa- 
tients who present clinical or radiologic evi- 
dence of nonresectability but without extra- 
thoracic metastases; and patients with extra- 
thoracic metastases. 

Of the diversity of situations included in 
the inoperability category, which should be 
chosen for radiation therapy? This question 
has been answered in different fashions by 
various workers. Huguenin and Fauvet have 
tried to treat all patients with inoperable lung 
cancers, without selection. Experience has 
taught them not to irradiate massive pulmo- 
nary carcinoma involving all of a lobe, since 


massive tumor necrosis develops that may 
result in death. For palliative therapy they 
consider only a few contraindications to exist: 
anemia, cardiac failure, azotemia, and vis- 
ceral metastases. Pohle and Siris [39] state 
that advanced cancer, general debility, and 
marked obstruction with infection contrain- 
dicate intensive therapy. 

Hilton [17], Dobbie [12], Shorvon [441. 
Paterson [37], Paterson, Tod, and Russell [38], 
Mason [30], and Bjork [6] consider the in- 
dications for radiation therapy from the point 
of view of patients who arc candidates for 
radical treatment as opposed to palliative treat- 
ment. In general, radical treatment represents 
a serious effort to expose a limited volume of 
tissue embracing the tumor to a high total 
dose over a protracted time, with the aim of 
achieving elimination of the neoplasm. 

The most elaborate study of the contraindi- 
cations to radical irradiation has been made 
by Bjork. Poor general condition of the pa- 
tient and extrathoracic metastases are con- 
sidered as absolute contraindications. Of 
thirty-five patients in poor general condition, 
nineteen were made worse by radical irradi- 
ation, sixteen dying within three months after 
the beginning of treatment. No change fol- 
lowed the treatment in seven, four dying 
within six months. Nine patients showed im- 
provement but eight had died, seveo within 
twelve months. Of thirty-eight patients who 
became worse during or after irradiation, the 
general condition at the beginning of treat- 
ment was bad In twenty-one and only fair in 
fourteen. Of thirty-four patients with extra- 
thoracic metastases who received a course 
of deep x-ray treatment, thirty-one died and 
three were alive at six months or less; of those 
dead, only four lived as long as ten to twelve 
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months, the average survival being 4.2 
months. Therefore, Bjork believes that x-ray 
treatment is of no real value when extrathor- 
acic metastases are present, except that in 
patients with severe pain such treatment may 
give relief; this applies chiefly to osseous 
metastases. A large pleural effusion (but not 
a small one) is also a contraindication; at- 
tempts to irradiate along with thoracenteses 
were ineffective. Of twenty-eight patients with 
large effusions, twenty-five were dead (only 
three surviving for ten to twelve months) and 
three were living but only at four to six 
months after treatment. Infection was not 
considered an absolute contraindication since 
tn some cases it was possible to control it by 
preliminary treatment with penicillin. 

Paterson, Tod, and Russell {38 1, report- 
ing on the results of treatment at their insti- 
tution, listed 474 patients with cancer of the 
lung and mediastinum. Of these, 157 were 
too far advanced to warrant any consideration 
of radiation treatment even though it was their 
belief that genuine palliation is obtainable by 
palliative irradiation. Of the M2 patients lr- 
radtated, the treatment was restricted to a 
palliative approach in 164, while 148 were 
treated radically. In 58 of the 312 patients 
irradiated, the primary focus of the cancer 
was thought to be in the mediastinum. 

Of 179 patients with inoperable lung cancer 
seen by Hilton, 84 were too ill and the can- 
cer too far advanced for x-ray treatment, 46 
received palliative irradiation, 2 were treated 
postoperatively following pneumonectomy, 
and only 47 wete considered candidates for 
radical radiation therapy. Shorvon reported 
on 213 patients of whom 75 were too ill and 
the cancer too far advanced for radiation 
treatment; 23 were given palliative irradiation, 
4 were treated postoperatively, and III re- 
ceived radical therapy. Of Bjdrk’s 132 patients 
treated with x-ray, 95 were candidates for 
palliative treatment only, and 37 were radi- 
cally treated. On the basis of these figures, 
it seems reasonable to estimate that radical 
radiation treatment can be undertaken in 
only about one third of the patients with in- 
operable lung cancer. 

RADIATION TECHNICS 

Currently the radiation treatment of bron- 
chial carcinoma is carried out largely by ex- 
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ternal x-ray irradiation. Intraluminal radium 
therapy and interstitial implantation through a 
bronchus or at thoracotomy, tried in the 
past, have been abandoned, although recently 
renewed efforts m these directions have been 
made by Ariel and associates (2} (see Chap. 
27). 

Govaerts, Herve, and Ramioul [15] and 
also Brunnix 18] describe a technic of radium 
irradiation by means of radium tubes fixed 
in the distal end of a special, small-calibered, 
radiopaque sound. The sound is introduced 
through a bronchoscope and the position of 
the radium source js adjusted to the site of 
the tumor as determined broncboscopically 
by fluoroscopic control. If complete bronchial 
obstruction exists, the radium rests on the 
upper pole of the tumor. Generally a 50 mg. 
source with a monel metal wall is used. Sev- 
eral hours of exposure are given daily with 
periodic fluoroscopic check on position. Total 
exposure was twenty hours or more. Of six 
cases cited, the longest follow-up was eight 
months; four of the six patients showed cica- 
tricial bronchial stenosis at the site of ir- 
radiation from two to eight months after 
treatment, the stenosis varying from partial to 
complete. The disadvantage of tins approach 
is the limited zone of adequate radiation in- 
tensity that can be achieved because of the 
rapid fall-off of dose with slight increase in 
distance from the radiation source. Only 
with unusually small tumors in a large 
bronchus would such a technic have any 
possibility of eradicating the cancer. Stenosis 
as a complication will occur with high fre- 
quency. 

Most of the recorded experience deals with 
the use of x-ray generated in the 200 to 400 
kv range; several reports on high-energy 
radiation treatment (one million volts or 
greater) have been published since 1944, 
such as those of Hocker and Guttmann [18], 
Williams [50], Nickson, Clifton, and Selby 
1321 and Haas, Harvey, and Melchor (16] 
(see Chap. 26). In general, the technics that 
have been used may be divided into two 
groups: ( I ) Multiple small fields with beams 
passing through each field, converging on the 
tumor region (with different workers the 
number of fields varies from eight up to 
twenty-four); with this technic, high dosage 
is aimed for in the tumor region: so-called 
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medical treatment. (2) Larger fields, usually 
about four in number, cross-firing the tumor 
volume, designed to deliver in this larger 
volume a smaller dose than in the small field 
technics. 

Winternitz and Smithcrs [52] use two sets 
of fields, one anterior and one posterior, each 
conststing of eight small fields that are ar- 
ranged on a horizontal plane around the cir- 
cumference of a circle which is usually 7 
to 9 cm. in diameter. Four anterior and four 
posterior fields are treated each day and the 
beams are angled so the central rays inter- 
sect at a point on the far side of the tumor. 
The fields arc small, circular, and most 
commonly 7 and 8 cm. in diameter. The 
angle of the beam to the horizontal is usually 
55 to 65 degrees and is achieved by an axial 
beam director that defines the axis of the 
irradiated volume, the radius of the circle, 
and the angulation. Using 400 kv radiation, 
tumor doses of 5,000 to 6,000 r in five to six 
weeks have been given to tumors 7x8 cm. in 
diameter 8 to 10 cm. below the skin, with 
only a mild skin erythema. 

Vogt [47] uses about fourteen fields, 6x8 
cm. in size, distributed about the chest and 
back, including supraclavicular and axillary 
fields. Two to five fields are treated daily over 
an eight-week period to total surface dose 
of over 30,000 r. The individual dose per 
field is 200 r using 180 kv, 0.5 mm. Cu filter, 
and distance 40 cm. He advises that the 
tumor dose should not exceed 200 r per day, 
since too rapid regression results m compli- 
cations. This technic has produced good re- 
missions but in the limited material so treated 
to date recurrence always developed. 

Shorvon [44] uses four smalt fields (6x8 
cm. or 10 x 8 cm.), front and back, angled 
so that each beam envelops the tumor. Addi- 
tional fields, front and back, can often be 
applied directly over the tumor so that a total 
of eight to ten fields may be used. The beams 
are angled by the pin-and-arc device (Dobbie) . 
Treatment is carried out over a period of five 
to six weeks, treating six times weekly. He uses 
190 kv, 0.5 mm. Cu, 0.5 mm. A1 (h.v.l. 1.09 
mm. Cu), F-S.D. 40 cm. 

Roberts [43] described his technic as con- 
sisting of a double ring of fields, four in the 
central ring and eight in the outer ring. Two 
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such double rings, one on the front and one 
on the back, make twenty-four fields, which 
were sometimes supplemented by others on 
the homolateral side. Each field received about 
1,200 r. 

Kaplan and Etkin [24] reported four pa- 
tients who were treated with eight to ten 
fields arranged in a band around the chest 
with angulation of the central rays deter- 
mined by the use of the Demy protractor; 200 
kv radiation of h.v.l. 1.9 mm. Cu was used 
at a distance of 50 cm. The daily dose was 
usually 300 r as measured in air to each of 
two fields, with total skin doses ranging from 
about 16,000 r to 24,000 r in 4.5 to seven 
weeks. All four patients were much improved 
at two to eight months after treatment, three 
having returned to work. 

At the Holt Radium Institute [12,37,38], 
for radical treatment multiple small, circular 
fields, anteriorly and posteriorly, are em- 
ployed. Following assessment of the position 
of the tumor, a complete plaster jacket of the 
thorax is made and the position of the tumor 
in space in this shell is determined by 
anteroposterior and laterat films. The distance 
from the site of each field on the shell to the 
tumor is determinable and available for 
calculations of depth dose and consideration 
of symmetry of radiation distribution, etc. 
Gaps between cone ends and the shell are 
filled in by seatings of “unit density” wax. 
Beam-directing devices are employed, such as 
the “back pointer," which defines the treat- 
ing beam in position and direction by locat- 
ing the points at which its central axis enters 
and leaves the surface of the patient. The 
objective with this technic is to deliver 6,000 r 
tumor dose in five weeks. 

In the second group of technics, consist- 
ing of fewer fields of larger size, it is usually 
stated that the objective is frankly palliative 
m the sense that it is conceded that the 
tumor volumes, nearly always large, cannot 
be brought up to a dosage level that is con- 
sidered “cancericidal.” These technics are in 
general similar, consisting usually of about 
four fields wtih total dose per field of 2,000 to 

3.000 r. Ott [341 uses three to five fields, 80 
to 150 sq. cm., and gives individual doses of 
75 to 150 r daily to one field to a total of 

2.000 r (190 kv, filter 0.75 Cu and 0.5 mm. 
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Al, h.v.1. 1.2 mm. Cu, F.S D. 40 cm.) per 
field. Huguenin and Fauvet [20] set up four 
cross-firing fields on a basis of frontal and 
lateral chest films: two fields on the anterior 
surface of the chest, one on the posterior 
surface, and an axillary field. At each sitting 
200 r is given, treating four to five times 
weekly until 2,500 r per field has been ad- 
ministered. Mason [30] tries to give a tumor 
dose of 2,500 to 3,000 r in three weeks 
through four or five chest fields when little 
more than palliation is expected; in cases of 
mediastinal obstruction, a single dose of 500 r 
is given and supplemented as the patient's 
progress seems to indicate. 

For postpneumonectomy treatment, or if 
the tumor cannot be accurately localized, or 
if the tumor-bearing volume exceeds 8 cm. in 
linear dimension, Shorvon [44] uses four or 
five large fields that may vary in size from 
7.5 x 15 cm. to 10 X 20 cm.; radiation is 
administered six times weekly until 3,000 r is 
given to each skin field in five to six weeks 
(190 kv, 0.5 mm. Cu and 0.5 mm. AI filters, 
h.v.l. 1.09 mm. Cu, F.S.D. 40 cm). 

For patients in whom various factors do 
not permit the use of radical treatment 
through small fields to a dose in the tumor of 
6,000 r in five weeks, Paterson [37] uses a 
variety of approaches. If the radiographic 
appearance is that of an “early or moderately 
early bronchial carcinoma” (this is defined 
as atelectasis of either one lobe or of a whole 
lung or a hilar shadow of limited size) but 
the patient’s age makes a long-term course 
inadvisable, a short course but still radical 
in technic is given in eight days, achieving a 
tumor dose of 4,500 r. If the chief feature of 
the radiographic appearance is deformity and 
enlargement of the mediastinal shadow, a 
technic of treatment termed “regional 
therapy” is employed to expose the entire 
mediastinum to a dose of about 3,000 r in 
seventeen days. Large fields (three or four) 
are used, 20 X 25 cm. long and 10 x 12 cm. 
wide. In the late cases (massive lung involve- 
ment, multiple pulmonary lesions, large effu- 
sions, all patients in poor general condition or 
aged, all patients with extrathoracic metasta- 
sis), prolonged or radical treatment is con- 
sidered useless. Paterson believes that all the 
palliation possible can be obtained by simple 
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radiation treatment. A single session, irradi- 
ating the most affected region by two large 
fields (anterior and posterior) to a skin dose 
of 1,000 to 1,250 r, is considered as useful 
as more elaborate procedures. Also, he has 
used a four-day course, treating once daily, 
delivering 2,500 r skin dose through two 
fields, one anterior and one posterior. Where 
the hilar bronchial cancer seems dominant 
in causing symptoms, multiple small or 
medium fields directed toward the hilus with- 
out elaborate beam direction and giving a 
tumor dose of over 2,000 r in four days, has 
proved useful and evoked minimal reaction 
and general upset. 

Pohle and Siris [39], using 400 kv, h.v.l. 
2.4 mm. Cu, treat two chest fields daily (an- 
terior and posterior, 10 x 10 cm. to 15 x 15 
cm. in size) at the rate of 200 r per day to a 
total of 2,400 r per field, or 150 r per day to 
a total of 3,000 r per field. A second course 
is administered three months later: 1,600 to 
2,000 r per field at 200 r per day to both 
fields, or 1,500 to 1,800 r per field at the rate 
of 150 r per day. Further irradiation is then 
given in small amounts not less than three 
months apart for control of symptoms, metas- 
tases, or increased tumor size. With advanced 
disease, general debility, or marked obstruc- 
tion with infection, the treatment schedule 
just described, which is termed “intensive 
therapy," is considered contraindicated; in 
such cases, 800 to 1,600 r are given to each 
field, at a rate of 200 r per day to both fields. 
If response is satisfactory, more intensive 
treatment is given in six weeks; otherwise, 
short cycles are repeated at intervals of not 
less than three months as indicated. 

Leddy states that in a group of selected 
patients in fairly good general condition he 
has given 3,000 r to each of four chest fields, 
cross-firing the tumor, using 200 kv with a 
filter of 2 mm. Cu equivalent at a distance of 
50 cm.; the results were poor and the treat- 
ment was not well tolerated. Consequently, he 
abandoned doses larger than 1,500 r per field, 
preferring to use total doses to each of the 
four fields of 500 to 750 r (200 kv radiation 
filtered through 0.75 mm. Cu and 1 .0 mm. Al, 
F.S.D. 50 cm.), administering the course in 
four days. When the patient is in better-than- 
average condition, 1,000 r per field in sixteen 
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days is given. With cachexia or fever, 250 to 
500 r may be given through anterior and 
posterior fields. If the physical condition is 
very poor or if there is any suspicion of 
lymphoblastoma, he uses 130 kv. 

In general, both for radical and palliative 
treatment technics, high-energy radiation (one 
or more million volt x-ray, cobalt-60 radia- 
tion, or betatron x-ray radiation) will simplify 
technical methods (16, 321. Fewer converging 
fields are required, making for greater ac- 
curacy. Indeed, the simplest arrangement of 
two fields, one anterior and one posterior, will 
often suffice to deliver the desired dose in the 
tumor. Multiple cross-firing fields can reduce 
the magnitude of the dose in the normal 
tissues anterior and posterior to the site of 
the tumor; the logical extension of this is the 
use of a rotational technic to place a cylindric 
volume of high dose at the tumor site. This is 
applicable only when there is at least relative 
limitation in size of the suspected or proved 
volume harboring the tumor. With the patient 
in the horizontal position and a rotating 
source, this technic can be the simplest and 
most accurate for daily set-up. Such experi- 
ence as has been obtained does not suggest 
that high-energy radiation will materially alter 
the accomplishment of radiotherapy in this 
disease. It does offer simplified technic, 
diminished or no skin reaction, and some 
degree of greater constitutional tolerance (9, 
48] (see Chap. 26). 

TUMOR DOSE 

The following information is found in the 
literature regarding the “tumor dose” given 
in the x-ray treatment of bronchial carcinoma. 
Smithers states that his technic permits giv- 
ing regularly a tumor dose of 5,000 to 6,000 r 
in five to six weeks to tumors 7x8 cm. in 
diameter at a depth of 8 to 10 cm. below the 
skin with the production of only a mild 
erythema. Dobbie speaks of a dose of 6,000 r 
in five weeks or an equivalent dose in a 
shorter time. Paterson, of the same institution, 
also prescribes 6,000 r in five weeks and 4,500 
r in eight days as a useful compromise when 
age militates against a long-term course. In 
advanced cases with large mediastinal nodes, 
3,000 r is delivered as a tumor dose through 
three or four fields in seventeen days. Mason 
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cites a tumor dose of 5,500 r for epi- 
dermoid tumors and 4,500 r for undiffer- 
entiated growths given in five to six weeks 
through four or five fields, whereas when only 
palliation is anticipated, 2,500 to 3,000 r in 
three weeks is considered sufficient. Shorvon 
also aims for a dose of 5,500 r in five or six 
weeks. 

Appreciation of the magnitude of dis- 
crepancy that may be introduced by applying 
depth dose figures obtained from the usual 
type of phantoms to lung tissue is given by 
data published by Inncs. Using a piece of lung 
5 cm. thick, aerated to a pressure represent- 
ing the mean negative pressure to which it 
would be subjected in the living body, the 
transmission of radiation through this speci- 
men compared to that through water of the 
same depth was 1.47 for radiation h.v.l. 1.0 
mm. Cu, 1.43 for h.v.l. 1.5 mm. Cu, and 1.32 
for h.v.l. 9.3 mm. Cu (1,000 kv). The rates 
obtained for a 3.5 cm. thick section of a 
vertebral body (0.93 for h.v.l. 1.0 mm Cu, 
0.95 for h.v.l. 1.5 mm. Cu, and 0.98 for h.v.l. 
9.3 mm. Cu) and for a 0.55 mm. thick sec- 
tion of rib (0.91 for h.v.l. 1.0 mm. Cu, 0.925 
for h.v.l. 1.5 mm. Cu, and 0.98 for h.v.l. 9 3 
mm. Cu) arc also pertinent since the x-ray 
beams will traverse such structures in the 
treatment of bronchial carcinoma. Thus, on 
one hand aerated pulmonary tissue allows 
greater transmission and the osseous struc- 
tures reduce transmission, at least for the 
lower voltages. It is literally impossible to 
determine the result of the algebraic summa- 
tion of these deviations. At best, the currently 
quoted “tumor doses” must be considered as 
crude approximations with a considerable in- 
herent error, and treatment schedules based 
solely on this parameter of dosage may be 
falsely founded. Beyond this, one should pro- 
test against the not uncommon current custom 
of quoting a “tumor dose” that is the summa- 
tion of the contributions of the cross-firing 
beams at only a single point in the estimated 
tumor volume, usually its center. It is the 
distribution of dose magnitude throughout 
the tumor volume that is important, since 
underdosage at any point is crucial If one 
recalls the lack of accurate knowledge regard- 
ing the true extent of these neoplasms, single 
point “tumor doses” more often than not will 
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show no correlation with results of therapy. 
Description of radiation dose by “tumor dose” 
in some hands constitutes a sincere attempt 
to establish one parameter of true tissue dose, 
whereas in others it represents an easy solu- 
tion for radiation therapy, equating the latter 
solely to the computation and administration 
of a certain "tumor dose." Desirable and 
important as a knowledge of the true radia- 
tion dose m carcinoma of the lung certainly 
is, its determination still represents an objec- 
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adenocarcinoma was radioresistant. Steiner 
[46], on the basis of histologic studies, found 
the small, undifferentiated carcinoma with 
dark hyperchromatic nuclei and scanty cyto- 
plasm to be highly radioresistant and con- 
sidered that perhaps the squamous-cell 
carcinoma of the lung could eventually be 
added to the list of squamous-cell carcinomas 
curable by radiation therapy. Bariety, Dela- 
rue, and Paillas [4] stated that squamous-cell 
carcinoma of the bronchus was feebly radio- 
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f‘3 25 1. (left) Roentgenogram of a thirty four-year-old mole »howing a right paratracheal mast and another mass 
over the upper right cardiac margin. Using 200 kv (hvl 10 mm Cu) radiation at a distance of 50 cm , a test of 
mediation was carried out. 400 r (air) to each of four cross Firing Fields. (Right) Roentgenograms two months later 
showed complete regression of the masses, therefore, a provisional diagnosis of lymphoblastoma was entertained. 
The patient died seven months later At necropsy a poorly differentiated carcinoma of the left main bronchus with 
disseminated metastases was found 


five that remains to be achieved and not 
one that has already been successfully ac- 
complished. 

GENERAL CONSIDERATIONS OF 
RADIOBIOLOGY OF BRONCHIAL 
CARCINOMA 

Such data as exist on the radiosensitivity of 
this cancer are conflicting. Pohle and Siris [39] 
state that their best response (in terms of dur- 
ation of survival to death) was obtained in 
squamous-cell carcinoma, Grade III, and that 


sensitive and that the small-cell carcinoma was 
the most radiosensitive. Holmes [19] reported 
the oat cell and the undifferentiated varieties 
as the most radiosensitive. Leddy’s report of 
five patients with adenocarcinomas surviving 
five or more years is interpreted by Poulet, 
in a study of correlation of histology and 
radiosensitivity, as suggesting a belief by 
Leddy that the glandular carcinomas are the 
more sensitive. Leddy, however, makes no ex- 
plicit statement to this effect, claiming in 
1947 [26] that radiologists know less about the 
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gold, Oilman, and Konwaltcr [41] and bj 
others). 

Most bronchial carcinomas show a definite 
often pronounced radiosensitivity. Indeed, i 
few cases have been encountered in our own 
experience in which large masses of medias- 
tinal nodes melted away under small doses a< 
rapidly and as completely as lymphoblastomas 
and carried such a presumptive diagnosis until 
autopsy revealed a carcinoma of bronchial 
origin (Figure 25-1). Although usually this 
extremely sensitive response was correlated 
with anaplastic tumors, including the small- 
cell variety, there is also evidence of radio- 
sensitivity of the squamous-cell tumors in our 
cases (absence of the bronchial tumor on 



Fig. 25-2. A Roentgenogram of a lixty-etght-year-old white male with a fungating tumor on the anterior Jalerol 
aspect of the right upper-lobe bronchial orifice. Pathologic diagnosis- noncornifying squamous-cell carcinoma B 
The patient received 3,000 r (air) to each of four cross-firing U X 9 cm. fields (200 kv, h.vl. 1 0 mm. Cu) at a dis- 
tance of 50 cm At the end of irradiation, two months later (1/8/47), virtually complete regression was noted. The 
patient was asymptomatic and gained weight until August, 1947, when cough recurred. C. Chest roentgenogram fif- 
teen months later, demonstrating recurrence Patient died two years offer irradiation, and necropsy confirmed the 
diagnosis. 




radiosensitivity of bronchial adenocarcinomas 
and squamous-cell epitheliomas than about 
similar tumors elsewhere in the body. 
Huguenin and Fauvet [21] do not consider 
that the tumor histology gives insight into the 
indication for radiation treatment. They point 
out that many tumors are difficult to classify, 
that the histopathology has been found to 
differ at autopsy from that in the broncho- 
scopic biopsy, and that it can be mixed in 
character both in the primary tumor and its 
metastases (this has been noted by Rhein- 


postirradiation bronchoscopy and disappear- 
ance of mediastinal metastases on post-treat- 
ment radiographic examination (Figure 25- 
2) . Additional evidence for radiosensitivity of 
the squamous-cell carcinoma is found in the 
fact that this tumor variety is predominant 
among the patients showing the best long- 
term results. 


infection is commonly associated with these 



Radiation Treatment of Bronchogenic Carcinoma 
neoplasms, with abscesses and suppurative 
pneumonitis developing distal to the site of 
bronchial obstruction. Under conditions of 
vigorous radiation reaction, itself an intense 
inflammatory process, infected segments of 
lung can become gangrenous, leading to a 
fatal outcome. With heavy tumor infiltration of 
lung, of the walls of large mediastinal blood 
vessels, and of the esophagus, regression of 
tumor tissues may not be associated with an 
adequate reparative process of the infiltrated 
normal tissue; hemorrhage, abscess forma- 
tion, mediastinitis, or pericarditis may follow. 
Pulmonary tissue is susceptible to radiation 
pneumonitis which, healing by fibrosis, im- 
pairs the pulmonary functional capacity; such 
fibrosis, if sufficiently severe and if it in- 
volves a sufficient volume of lung tissue, is 
incompatible with survival. In contrast to 
carcinoma of the cervix, for example, the 
handicap imposed by the nature of the tumor 
bed in bronchia! carcinoma is severe. 

It appears clear that the protracted adminis- 
tration of x-ray radiation offers the greatest 
benefit in overcoming the handicaps of the 
tumor bed by producing a slow diminution of 
the neoplastic tissue 111. Nevertheless, in- 
formative data on dose-time relationships for 
this cancer are essentially negligible, except 
lor the bare facts embodied in the technics 
currently employed; likewise, with respect 
to the optimal daily dose in the tumor, little 
information exists. Vogt [47] recommends an 
average daily dose of somewhat more than 
150 r and points out that daily tumor doses 
greater than about 200 r are poorlj tolerated 
in that the tumor tissue may recede too rapidly 
and complications may follow. Hilton insists 
that satisfactory results can be achieved only 
if the therapist makes a daily examination of 
the patient, studies temperature, pulse, and 
respirator)' charts, and adjusts the daily dosage 
to the clinical response. 

RESULTS OF RADIATION TREATMENT 
OF PULMONARY TUMORS 

A most striking development are the re- 
ports of a small group of patients with histo- 
logically verified cancer of the bronchus in 
"hich survival for five jears was attained. 

Bjork [6] reported a patient with squamous- 
ctll carcinoma alive and well five jears and 
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one month after radical small-field x-ray 
treatment. Smithers [45] stated that a patient 
with squamous-cell carcinoma treated in Sep- 
tember, 1940 was alive and well at the time 
of the report (April, 1949). Dobbie [12] had 
one patient, diagnosed histologically as hav- 
ing a squamous-cell bronchial carcinoma, 
alive and well five jears after radical x-raj' 
treatment. Paterson, Tod, and Russell [381 
reported four patients with histologically 
proved neoplasms surviving five jears. Zaun- 
bauer [53] reported a fortv-j ear-old patient 
in whom bronchoscopy demonstrated com- 
plete bronchial occlusion by a tumor; micro- 
scopic examination disclosed a small, 
round-cell carcinoma. Following irradiation, 
the patient improved and was completely 
svmptom-free five jears later. 

In addition to these eight histologically veri- 
fied cases, the following reports are of inter- 
est: Mason [30] reported two patients alive, 
one at five jears, the other at 5.5 jears after 
irradiation. It is not clear from bis article 
whether the diagnoses in these cases were 
verified histologically. Widmann [491 reported 
one patient alive six years after irradiation. 
Repeated postirradiation bronchoscopies were 
negative but the patient suffered from a dry, 
hacking cough; it is not clear from the report 
whether a histologic report h3d been obtained. 
F. Robert [431 reported one patient with 
tvpical radiographic and clinical findings of 
a bronchial carcinoma, but whose biopsy was 
inconclusive, to be alive and well six jears 
after treatment. Smithers [45] treated one pa- 
tient in May, 1 939, who died seven j'ears later, 
in April, 1946, allegedly of a metastasis; it is 
not clear whether a histologic diagnosis was 
obtained. 

Paterson, Tod, and Russell [38] cite three 
pau’ents with clinical diagnoses of bronchial 
carcinoma who survived five jears. Williams, 
using a 1,000 kv x-ray beam, treated a pa- 
tient immediately after pneumonectomy. The 
patient had a squamous-cell carcinoma which 
at operation was found to involve the left 
pulmonary vein and the stump of this struc- 
ture was left behind. The patient was alive 
and well five jears later. 

Leddy reported that of 125 proved cases, 
five patients survived five or more years. In 
the initial report in 1940, it is stated that three 
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gold, Oilman, and Konwallcr [411 and by 
others). 

Most bronchial carcinomas show a definite, 
often pronounced radiosensitivity. Indeed, a 
few cases have been encountered in our own 
experience in which large masses of medias- 
tinal nodes melted away under small doses as 
rapidly and as completely as lymphoblastomas 
and carried such a presumptive diagnosis until 
autopsy revealed a carcinoma of bronchial 
origin (Figure 25-1). Although usually this 
extremely sensitive response was correlated 
with anaplastic tumors, including the small- 
ccll variety, there is also evidence of radio- 
sensitivity of the squamous-cell tumors in our 
cases (absence of the bronchial tumor on 



Fig 25-2. A. Roontgenogram of a lixty-eight-year-old white male with a fungating tumor on the anterior lateral 
aspect of the right upper-lobe bronchial orifice. Pothologic diagnosis, noncormfying squamous cell eoremoma B. 
The patient received 3,000 r (air) to each of four cross firing 14 X 9 cm fields (200 kv, h.V.I I 0 mm. Cu) ot o dis- 
tance of 50 cm At the end of irradiation, two months later (1/8/47), virtually complete regression was noted. The 
patient was asymptomatic and gained weight until August, 1947, when cough recurred. C. Chest roentgenogram fif- 
teen months later, demonstrating recurrence Patient died two years after irradiation, and necropsy confirmed the 
diagnosis. 


radiosensitivity of bronchial adenocarcinomas 
and squamous-cell epitheliomas than about 
similar tumors elsewhere in the body. 
Huguenin and Fauvet [211 do not consider 
that the tumor histology gives insight into the 
indication for radiation treatment. They point 
out that many tumors are difficult to classify, 
that the histopathology has been found to 
differ at autopsy from that in the broncho- 
scopic biopsy, and that it can be mixed in 
character both in the primary tumor and its 
metastases (this has been noted by Rhein- 


postirradiation bronchoscopy and disappear- 
ance of mediastinal metastases on post-treat- 
ment radiographic examination (Figure 25- 
2). Additional evidence for radiosensitivity of 
the squamous-cell carcinoma is found in the 
fact that this tumor variety is predominant 
among the patients showing the best long- 
term results. 

A considerable handicap to successful radi- 
ation therapy of bronchial carcinoma is found 
in the character of the tumor bed. Pulmonary 
infection is commonly associated with these 
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volume and that irregularities in the shape of 
the tumor-bearing volume obviated the possi- 
bility of uniform distribution of radiation 
dose. Total doses to each field varied from 
2,000 to 3,600 r (air) with a daily rate of 
150 to 200 r to two fields; 200 kv radiation 
of h.v.l. 1 mm. Cu was used at a distance 
of 50 cm. At the present time, all of the fifty 
patients are dead. Twelve per cent lived 
beyond one year and 2 per cent lived beyond 
two years The longest survival was thirty- 
five months. Some degree of amelioration of 
symptoms was obtained in twenty-two pa- 
tients. This varied from diminution of cough 
and chest pain for short intervals to signifi- 
cant gain in weight and strength and return 
to a normal state of health in a few for 
periods of over one year. 



Fig 25-4. A Chest roe nlgenog rani of a fifty Ihree-yeor-old mole with a carcinoma causing compression of the tower 
third of the trachea The right main-stem bronchus was almost occluded by submucosal neoplastic Infiltration Patho- 
logic diagnosis small-cell poorly differentiated carcinoma A roentgenogram of the chest revealed atelectasis of the 
right upper lobe and elevation of the right leaf of the diaphragm (phrenic paralysis). From 5/3/48 to 6/8/48, 2,350 
r (air) was delivered to each of four chest fields cross-firing the mediastinum (200 kv, h.vl 1.0 mm. Cu) at 50 cm- 
B, C Radiographic and clinical improvement followed (roentgenograms taken 5/24/48 and 7/21/48). All signs of 
respiratory embarrassment and mediastinal obstruction disappeared. The patient felt well and returned to work, bit* 
symptoms recurred and he died four months postirrodiation. 


large, bloody pleural effusion, etc. 

All fifty patients received x-ray treatment, 
given usually through four moderate-sized 
fields with the beams converging in the main 
mass of the neoplasm Often, from the knowl- 
edge gained of the intrathoracic extent of the 
cancer, it was evident that all the neoplastic 
tissue could not be included in the irradiated 


Shorvon [441 reports that of 213 patients 
seen, 75 were too ill and the cancer too far 
advanced for treatment; 23 were given pallia- 
tive treatment, 4 postoperative irradiation, 
and 111 radical irradiation. In the nonir- 
radiated patients, the average duration of life 
was 40 days after admission to the hospital; 
in the palliated group, the average duration 
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were still alive ten, 10.5, and twelve years 
after treatment. In each of the five patients 
the histologic type was adenocarcinoma. Pohlc 
and Sins [39] doubted that these eases were 
acceptable as five-year survivals of bronchial 
carcinoma since it had been shown that it 
was difficult in a bronchoscopic biopsy to 
differentiate a carcinoma from an adenoma- 
tous growth. Our own experience with two 
patients with adenomas of the cylindromatous 
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prolongation of life, although one cannot be 
certain of the comparability of the cases in 
each series. Leddy and Mocrsch [28] also re- 
ported 125 untreated patients with none sur- 
viving one year. Boyd [7], reporting the 
experience with treatment of lung cancer at 
the Lahey Clinic, stated: 'To our surprise, 
two patients who were given x-ray therapy 
only lived for five years or longer." 

The character of the material that is usu- 



Fig. 25-3. A Chest roentgenogram of a »ixty-lhree.y«ar-old male in whom o bronchoscopy revealed a ti/mor in the 
tower port of the trachea, extending inio the trachea from the right-stem bronchus; the carina wos observed. Patho- 
logic diagnosis poorly differentiated carcinoma. From 7/12/46 to 8/16/46, 3,150 r (air) wos given to each of two 
anterior chest fields and 3,000 r to each of two posterior fields through 15 X 12 cm. fields (200 kv, h vl. 10 mm - 
Cu) at a distance of 50 cm. A roentgenogram one week prior to treatment showed right paratroehea! odenopathy, 
right hilar ond lower-lobe parenchyma! densities. 8. Two days before completion of treatment, the chest ap- 
pealed almost normal. Five months loter, right-sided pleural effusion and atelectasis developed, and the patient died 
In May, 1947. This is a typical course) radiographic evidence of regression with a variable degree of clinical im- 
provement but early death. 


variety in the trachea suggests that some 
adenomas may be radioresponsive although 
eventual recurrence is the usual outcome; 
one patient was followed for eleven years be- 
fore the recurrence appeared. 

Despite the advance demonstrated by the 
live-year survival of apparently authentic 
cases of bronchial carcinoma after radiation 
treatment, the over-all picture of accomplish- 
ment by irradiation of this cancer remains a 
gloomy one (Figures 25-3 and 25-4). Wid- 
mann [49] reported that among 119 untreated 
patients, none lived as long as one year after 
the diagnosis, while eighteen of 167 treated 
patients lived twelve months or more (five 
lived two to six years). These data suggest 


ally encountered by the radiation therapist 
is exemplified by a series of fifty patients 
with bronchial carcinoma referred to our de- 
partment for treatment. Analysis of this 
group showed that one refused operation; 
fifteen had exploratory thoracotomy and their 
cancers were found to be nonresectable be- 
cause of mediastinal or other cxtrapulmonary 
extension; one patient was not explored be- 
cause of the presence of an aortic aneurysm. 
In the remaining thirty-three there was obvious 
clinical, radiographic, or bronchoscopic evi- 
dence of inoperability: mediastinal metastases, 
carinal and tracheal involvement, recurrent 
laryngeal and phrenic nerve paralysis, esopha- 
geal invasion, rib invasion and destruction, 


CHAPTER 26 


Treatment of Inoperable Carcinoma of the Lung 
with High-Energy Irradiation 

Ruth J. Outtmann 


This chapter discusses the advantages, ac- 
complishments, and limitations of treating 
inoperable lung cancer with ionizing radia- 
tion generated at high energies (supervoltage 
1,000 kv and higher; cobalt-60 teletherapy, 
and betatron). 

It is the goal of any radiotherapeutic pro- 
gram to deliver a high dose of radiation to 
the neoplasm with minimal effect upon the 
normal contiguous structures. Irradiation in 
the higher energy range can accomplish this 
better than irradiation in the orthovoltage 
range. The technical factors inherent in the 
various high-energy irradiation sources, i.e., 
supervoltage roentgen irradiation, radium and 
cobalt-60 teletherapy, and the betatron, are 
discussed in Volume I. Suffice it to state here 
that the major advantages of the high-energy 
irradiation are that a much greater depth dose 
can be obtained with a minimal effect upon 
the overlying skin, any overlying bone, and 
with an almost negligible systemic reaction. 

The advantages of high-energy radiation 
therapy, however, are of clinical value only 
if the cancericidal effects are equal to or better 
than that of ionizing irradiation of other 
wave lengths. Studies on the biologic effects 
of high-energy irradiation are being conducted 
but are not conclusive. It does appear that the 
biologic effect on cells is essentially the same 
as that achieved with 250 kv x-rays. 

The following discussion is based on the 
author’s personal experience at the Francis 
Del3field Hospital, Columbia University Col- 
lege of Physicians and Surgeons, New York. 

TECHNIC OF IRRADIATION 

In planning of treatment, accuracy of de- 
livering the irradiation to all parts of the 


cancer is of utmost importance. Accordingly, 
every diagnostic method that will help to 
determine the size and location of the neo- 
plasm is utilized. Even a near miss would 
impair the result. 

Contours are taken with narrow strips of 
wet plaster of Paris over the center of the 
region to be treated and the contours are 
traced on paper as soon as the plaster has 
hardened (Figure 26-1). With the help of 
anatomic cross sections and roentgenograms, 
normal organs and the tumor site are drawn 
into these cross sections that bear the actual 
measurements of the patient. The next steps 
include the determination of the field size 
and the calculation of the tumor dose. Ad- 
jacent normal, healthy structures are avoided 
as much as possible, which is feasible with 
supervoltage therapy. 

Figure 26-2 shows a cross section of a 



Fig. 26*1. Tracing of chert contour. (From R. ). Gutt. 
mann [1], courtesy Cancer.) 
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was 4.5 months. Of the 111 radically treated 
patients, 83 were dead at the time of the 
report (10 per cent survived more than one 
year, the longest survival being 30 months) 
and 28 (17 proved by biopsy) were alive. Six- 
teen of the living had received their treatment 
at least 6 and up to 36 months before (9 of 
the 16 had histologic proof of the diagnosis). 

Dobbie [12] reported 170 patients of whom 
111 (advanced cases) received palliative treat- 
ment, with large fields and low doses. Al- 
though symptomatic relief was often striking 
and in some degree occurred in 40 per cent 
of the patients, the duration of life was 
short, only 5 patients living beyond 12 months 
(maximum, 20 months). Of 59 patients 
treated radically, 48 were dead; 21 per cent 
lived beyond 12 months (maximum, 27 
months). Of the 11 living patients, survival 
after treatment had ranged from 9 months to 
6 years. In 6 of the 11, biopsy confirmation 
of the diagnosis had been obtained. One pa- 
tient, without histologic confirmation of the 
diagnosis, showed recurrence at 9 months; an- 
other patient, with histologic confirmation, 
was showing a recurrence at 3.5 years. Dobbie 
suggests that it might be justifiable and prefer- 
able to exclude from treatment the late cases 
of proved carcinoma. 

Bjork [6] studied 92 patients without extra- 
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thoracic mctastascs: 37 were treated radically 
(tumor dose of 4,000 r or more). At the time 
of the report, 16 were living: 8 less than one 
year after treatment, 5 at one to two years, 
one at three years, and one at five years and 
one month. Sixteen patients had died, the 
range of survival being three months to two 
years. In 9 patients symptoms were completely 
relieved, and 19 showed amelioration of 
symptoms. Of the 55 patients who were 
treated palliatively (tumor dose less than 
4,000 r), 52 were followed; 45 had died from 
two months to 1.5 years after treatment; 7 
were alive from 3 months to 1.25 years. Com- 
plete relief of symptoms was obtained in only 
one patient but palliation of symptoms oc- 
curred in 23 patients. 

The conclusion that may be developed 
from these data is that x-ray treatment, in 
properly selected cases of bronchial carci- 
noma, can produce significant palliative results 
in the sense of amelioration of symptoms 
and prolongation of life. Indiscriminate use of 
x-ray treatment obscures the benefits that 
may be gained in the suitable case. Beyond 
palliation, the recent experience demonstrates 
that isolated instances of survival for five 
years or more without evidence of cancer can 
be achieved under certain conditions. 
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thorax that contains a lung cancer. The two 
opposing fields through which treatment with 
the 2,000 kv unit is to be given arc shown. 
With this arrangement, the desired tumor 
dose of 6,000 r with a skin dose of 7,150 r 
is delivered. The spinal cord and the op- 
posite lung are not in the path of irradiation. 
A dose of 5,000 r to 6,000 r to the lung causes 
complete fibrosis, which renders it afunc- 
tional Hence, every effort must be made to 
save the remaining lung, as the survival of 


ventional high-voltage units will, therefore, be 
an approach through multiple fields, either 
stationary or by rotation (Figure 26-4), which 
does not affect the normal skin excessively. A 
considerable amount of irradiation to the op- 
posite lung and the spmal cord, however, 
is delivered. 

The cobalt-60 unit, operating at a source- 
tumor distance of 75 cm., is shown in Figure 
26-5. This radiation source does not permit 
as easy and efficient an approach as the 2 


1 



Fig 26-4 Cron lection through thorax. Field arrangement and dosoge with 230 kv unit, four 
porti, 10 X 10 cm Dose air, 4,400 r; ikin, to parti 1 and 2, 5,980 r, and ta parti 3 and 4, 5,630 
r, tumor, 6,000 r. (From R. J. Guttmann [1], couriety Cancer.) 


the patient depends not only on the elimina- 
tion of the cancer but also on the proper 
functioning of the other, normal lung. 

A comparison with Figure 26-3 will empha- 
size this point. It shows the same neoplasm of 
the lung illustrated in Figure 26-2 but it 
demonstrates clearly that the same approach 
of two opposing fields is not possible with 
the conventional 250 kv unit. In order to 
deliver a tumor dose of 6,000 r, it would be 
necessary to give a skin dose of 10,000 r, 
]*hich is more than normal skin can endure. 
The only possible solution for the problem of 
delivering 6,000 r to the tumor with con- 


mev machine, because of the difference in the 
isodose pattern. Owing to the considerable 
fall-off of the dose at the margins, a larger 
field would be necessary with the cobalt-60 
unit, which, of course, would include more of 
the healthy tissues. 

Rotation therapy or scanning is undesirable 
in treating most pulmonary neoplasms, espe- 
cially those of the periphery of the lung, 
because excessive amounts of the healthy 
neighboring tissue are exposed to irradiation 
unnecessarily: for example, the spinal cord 
and the hilus of the opposite lung (Figures 
26-6 and 26-7). 



Fig. 26-3. Cross section through thorax Field arrangement and dosage with 250 ky unit} 
two ports, 10 X 10 cm. Dose: oir, 6,000 r, skin, 10,000 r, tumor, 6,000 r. (From R. i. Gutf- 
mann [l], courtesy Concer.) 



Treatment of Inoperable Carcinoma of the Lung with High-Energy Irradiation 


FACTORS OF IRRADIATION 

A daily tumor dose of 200 r is usually 
given. The majority of the patients have re- 
ceived a total tumor dose of 5,000 r to 6,000 
r in a five-week to six-week period. The 
physical factors that remain constant are the 
2,000 kv machine, a target-skin distance of 
100 cm., filtration of 4 mm. of lead, and a 
half-value layer of 7 mm. of lead. If the 
cobalt-60 teletherapy unit is used, a source 


RELATIONSHIPS OF CLINICAL RESPONSE 
TO POSTIRRADIATION ROENTGENO- 
GRAPHIC ALTERATIONS 

The majority of patients showed relatively 
little roentgenographic change. Obviously, 
large tumors, which often have already caused 
many changes in surrounding tissues, do not 
melt away under radiation therapy. In addi- 
tion, radiation pneumonitis, pleurisy, and later 
fibrosis appear frequently, persisting for the 



Fig 26-7. Cross section through thorax. Field arrangement and dosage with cobalt-60 unit, 
scanning from 330 degrees to 210 degrees, showing that the spinal cord ond opposite hilar region 
still receive a high dose. (From R J Guttmann £2J, courier/ American Journal ©/ Roentgenology, 
Radium Therapy and Nuclear Medicine) 


2 cm, in size and a source-tumor distance 
of 75 cm. are utilized. 

Before starting therapy, localization films 
are taken with the treatment unit while the 
patient is in the proper treatment position, 
because only these films will assure us that 
the size and position of the outlined field 
correspond with the region intended for ir- 
radiation. 

Figure 26-8 left shows the routine chest 
roentgenogram of a patient with a large 
cancer in the left upper-lung field, and Figure 
26-8 right the localization film. 


duration of the patient’s life. How much, 
therefore, of the original tumor shadow re- 
mains is impossible to determine by subse- 
quent follow-up roentgenologic studies. 

Complete disappearance of the tumor after 
radiation therapy has been observed rarely. 
One fifty- four-year-old patient with a five- 
month history of cough, hemoptysis, and 
weight loss presented a large mass in the right 
lower lobe (Figure 26-9, left ) for which an 
exploratory thoracotomy was performed. The 
tumor, histologically diagnosed as carcinoma, 
had invaded the paricljl pleura and the 



Fig 26-5. Cross section through thorax. Field arrangement and dosage with eobalt-60 unit, 
opposing 15X15 cm. ports. (From R, J. Guttmonn [2], courtesy American Journal o I Roentgenology, 
Radium Therapy and Nuclear Medicine.) 



Fig. 26-6 Cross section through thorax Field arrangement and dosage with cobalt-60 unit, full 
rotation, demonstrating the high dosages delivered to spinal cord and opposite hiiar region. (From 
R, J. Guttmann [2], courtesy American Journal of Roentgenology, Radium Therapy and Nuclear 
Medicine ) 




fig 26-10 A. Chest roentgenogram of sixty- 
four-year-old mole before beginning treatment 
with the 2 mev generator. B. taminagram of 
left chest before beginning of therapy. C. Chest 
roentgenogram after completion of full course of 
2 mev roentgen therapy; shows no significant 
change. Roentgenograms two years later (0) and 
again more than three years after completion of 
therapy (f) revealed identical appearances 
(from R. J. Guttmann [2]/ courtesy American 
Journal of Roentgenology, Radium Therapy ond 
Nuclear Medicine ) 





Fig. 26-9. (l»ll) Cheit roentgenogram of fifty-four-year-old male with carcinoma of the right lung before be- 
ginning of treatment with the 2 mev generator. (Right,) Roentgenogram four months after completion of therapy. Com- 
plete disappearance of tumor. Patient now asymptomatic, four years later (From R. J. Guttmonn (2], Courtesy 
American Journal of Roentgenology. Radium Therapy and Nuclear Medicine.) 


pericardium, and was deemed to be inoper- 
able. He was treated with the 2 mev gener- 
ator, receiving a tumor dose of 5,800 r in 
six weeks. He tolerated the treatments well 
and all symptoms disappeared. Figure 26-9 
(right) shows complete disappearance of the 
tumor four months after termination of the 
therapy- The patient is asymptomatic now, 
four years later, and works full time. 

The lack of dramatic changes in the 


roentgenograms is not necessarily a poor 
prognostic sign. Figure 26-10/4 represents a 
chest roentgenogram of a sixty-four-year-old 
patient who complained of weakness, cough, 
and clubbing of his fingers for four months 
prior to the examination. A chest roentgeno- 
gram revealed a large mass in the anterior 
mediastinum associated with a diffuse haze 
occupying the left lower lung field. The mass 
was better revealed in a lamtnagram (Figure 
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RESULTS 

All 144 patients who were evaluated had 
their diagnoses verified microscopically (Table 
26-1). Carcinoma without further histologic 
specification was present in 58 patients, 
squamous-cell carcinoma in 44 patients, un- 
differentiated carcinoma in 20, adenocar- 
cinoma in 13, oat-cell carcinoma in 5, thy- 
moma in 2, and mesothelioma in 2. 


TABLE 26-1 —Radiation Therapy op 
Inoperable Lunc Cancer: Micro- 
scopic Classification 


Microscopic classification 

Number 

of 

patients 

Carcinoma (unclassified) 

58 

Squamous-cell carcinoma 

44 

Undifferentiated carcinoma 

20 

Adenocarcinoma 

13 

Oat-cell carcinoma 

5 

Thymoma 

2 

Mesothelioma 

2 

Total 

144 


Source R J Guttmonn [2], courtesy American 
Journal oj Hocntgenology, Radium Therapy and 
X "clear Medicine 


A high percentage of patients (70 per 
cent) benefited greatly from the treatment 
and showed excellent symptomatic improve- 
ment of cough, dyspnea, pam, and hemop- 
tysis. This improvement lasted, in 50 per cent 
of the patients, throughout their lives; in 20 
per cent of the patients, only a few months; 
and m the group of patients who lived more 
than two years, up to two to four months 
before their deaths. 

Complications during treatment were mini- 
mal. The skm reaction, after completion of 
treatment, amounted in the majority of pa- 
tients to a mild erythema. Fibrosis or 
telangiectasis in the treated region was not 
observed one to five years after therapy. 
Figure 26-11 top shows the skin reaction 
on the anterior chest immediately after com- 
pletion of supervoltage radiation therapy. A 
tumor dose of 6,000 r has been delivered 
through two opposing 15 x 15 cm. fields, 
bringing a dose of 7,150 r to the skm in a six- 
*eck period. We see here just a faint erythema 
without any moist desquamation. Figure 26- 


11 bottom shows the absence of any skin 
reaction one year after completion of therapy 
that was given with the same factors. 

Regarding the final outcome, it is significant 
that a large percentage (96 patients) died one 
to twelve months after the completion of 
radiation therapy (Figure 26-12). Post- 
mortem examinations revealed generalized 
metastases in each, which possibly had been 
present at the time of the beginning of 
therapy. More significant is the group of 
forty-eight patients who have lived for more 
than one year (Figure 26-13). Twenty-four 
of these patients lived over eighteen months 
with seven still living; eighteen lived more 
than twenty-one months; fourteen lived more 
than two years; ten lived more than twenty- 
seven months with six still alive; eight more 
than thirty months with four still alive; seven 
more than thirty-three months; five more than 
three years, three of whom are still alive, and 
four over four years with two still living. One 
has lived over five years and is in excellent 
condition. One of the patients who lived four 
years died in another hospital of a coronary 
thrombosis, no autopsy was obtained. 

Autopsies were performed on twenty pa- 
tients, who had died one to twenty-six months 
after radiation therapy. Sixteen showed prac- 
tically identical findings, consisting of active 
cancer in the lung associated with radiation 
changes and widespread generalized metas- 
tases. Four autopsies, however, showed com- 
plete control of the primary cancer. One 
patient died of brain metastases one month 
after completion of therapy Another patient 
died of widespread metastases to the op- 
posite lung and many other organs four 
months after completion of therapy; these 
were conceivably present at the time radia- 
tion therapy was started. 

The two other patients did not reveal any 
metastases at post-mortem examination. 
Figures 26-14 and 26-15 are photomicro- 
graphs of the irradiated lungs, which were 
described by our pathologist, Edith Sproul, 
as follows 

J McK- Autopsy No. 716 (Figure 26-14). 
Bronchoscopy biopsy revealed carcinoma differ- 
entiated into squamous pattern thought to be 
bronchogenic. 

At autopsy a large, hard mass occupied much 
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Fig 26-11 {Top) Erythema on anterior chest wall immediately after a 
skin dose of 7,1 50 r and a tumor dose of 6,000 r delivered in six weeks' 
time, utilizing the 2 mev generator. (Bottom) Shows absence of skin reaction 
one year after a skin dose of 7,150 r and a tumor dose of 6,000 r de- 
livered in six weeks' lime, (from R. i. Guttmann [11, courtesy Concer.) 

26-1 OS). The histologic diagnosis was car- later (Figure 26-10D) and again more than 

cinoma. The patient received a full course of three years later (Figure 26-1 OS) revealed 

2 mev roentgen therapy. A roentgenogram of identical appearances. The patient is a ma- 

the chest after completion of treatment chine operator who is working full time and is 

showed no significant change (Figure 26- asymptomatic. 

10C). Additional roentgenograms two years 
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RESULTS 

All 144 patients who were evaluated had 
their diagnoses verified microscopically (Table 
26-1). Carcinoma without further histologic 
specification was present in 58 patients, 
squamous-cell carcinoma in 44 patients, un- 
differentiated carcinoma in 20, adenocar- 
cinoma in 13, oat-cell carcinoma in 5, thy- 
moma in 2, and mesothelioma in 2. 


TABLE 26-1. — Radiation Therapy of 
Inoperable Lung Cancer 1 Micro- 
scopic Classification 


Microscopic cfassi/icarion 

Number 

of 

patients 

Carcinoma (unclassified) 

58 

Squamous-cell carcinoma 

44 

Undifferentiated carcinoma 

20 

Adenocarcinoma 

» 

Oat-cell carcinoma 

5 

Thymoma 

2 

Mesothelioma 

2 

Total 

144 


Source R j Gutlmann [2], court esy America* 
Journal of Poentpenoloffy, Podium Therapy anil 
A ticlear .Medicine 


A high percentage of patients (70 per 
cent) benefited greatly from the treatment 
and showed excellent symptomatic improve- 
ment of cough, dyspnea, pain, and hemop- 
tysis. This improvement lasted, in 50 per cent 
of the patients, throughout their lives; in 20 
per cent of the patients, only a few months, 
and in the group of patients who lived more 
|han two years, up to two to four months 
before their deaths. 


Complications during treatment were mini- 
mal. The skin reaction, after completion of 
treatment, amounted in the majority of pa- 
ients to a mild erythema. Fibrosis or 
telangiectasis in the treated region was not 
o served one to five years after therapy, 
igure 26- U top shows the skin reaction 
? 6 antenor ehest immediately after com- 
p e ion of supervoltage radiation, therapy. A 
tfj 1 * 01 *. ° SC r has been delivered 

ough two opposing 15 x 15 cm fields, 
n ? m ® a ^ ose °f 7,150 r to the skin m a stx- 
u ns see here J u st a f amt erythema 

ou any moist desquamation. Figure 26- 


11 bottom shows the absence of any skin 
reaction one year after completion of therapy 
that was given with the same factors. 

Regarding the final outcome, it is significant 
that a large percentage (96 patients) died one 
to twelve months after the completion of 
radiation therapy (Figure 26-12). Post- 
mortem examinations revealed generalized 
metastases in each, which possibly had been 
present at the time of the beginning of 
therapy. More significant is the group of 
forty-eight patients who have lived for more 
than one year (Figure 26-13). Twenty-four 
of these patients lived over eighteen months 
with seven still living; eighteen lived more 
than twenty-one months; foutteen lived more 
than two years; ten lived more than twenty- 
seven months with six still alive; eight more 
than thirty months with four still alive, seven 
more than thirty-three months; five more than 
three years, three of whom are still alive, and 
four over four years with two still living. One 
has lived over five years and is in excellent 
condition. One of the patients who lived four 
years died in another hospital of a coronary 
thrombosis; no autopsy was obtained. 

Autopsies were performed on twenty pa- 
tients, who had died one to twenty-six months 
after radiation therapy. Sixteen showed prac- 
tically identical findings, consisting of active 
cancer in the lung associated with radiation 
changes and widespread generalized metas- 
tases. Four autopsies, however, showed com- 
plete control of the primary cancer One 
patient died of brain metastases one month 
after completion of therapy. Another patient 
died of widespread metastases to the op- 
posite lung and many other organs four 
months after completion of therapy; these 
were conceivably present at the time radia- 
tion therapy was started. 

The two other patients did not reveal any 
metastases at post-mortem examination. 
Figures 26-14 and 26-15 are photomicro- 
graphs of the irradiated lungs, which were 
described by our pathologist, Edith Sproul, 
as follows - 

J McK Autopsy No. 716 (Figure 26-14). 
Bronchoscopy biopsy revealed carcinoma differ- 
entiated into squamous pattern thought to be 
bronchogenic. 

At autopsy a large, hard mass occupied much 
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fig. 26-12. Sumvol Jim# for 144 portents. (From R, J. Guttmonn 1 2 ), to urfety 
American Jo urn of of Roentgenology, Radium Therapy and Nuclear Medicine ) 



Fig. 26-13. Survivaf time of forty-eight patients who lived more than 
one year. (From R. J. GuHmann [2], courtesy American Journal of Roent- 
genology/ Radium Therapy and Nuclear Medicine.) 


of the right lower lobe Very many sections from 
all parts of this, especially about the hilum, 
showed extensive fibrosis both in the form of 
complete replacement and as advanced healed 
interstitial pneumonia. Large distorted multi- 
nucleated cells were occasionally found in what 
remained of shrunken air spaces. These resem- 
bled the forms seen following radiation of the 
* ' were interpreted as radiation effect on 

cells. No groups or sheets of cells 


suggesting carcinoma were found There were no 
metastases. The patient has extensive bullous 
emphysema known to have been present many 
years. The pulmonary artery to the right lower 
lobe was thrombosed. 

F. E. Autopsy No. 797 (Figure 26-15). Al- 
though the bronchoscopic biopsy of the bronchus 
was only a small fragment it clearly contained 
undifferentiated sheets of large epithelial cells 
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thought most likely primary at this site. The area 
and all the hilar tissues around were extensively 
sectioned at autopsy. The biopsy site was recog- 
nized as showing inflammation and complete 
fibrosis replacing part of the bronchus and con- 
tiguous tissue. Other fibrous areas were clearly 
old silicotic nodules readily distinguished from 
the recent hyalinization. Radiation effect on lung 
parenchyma was slight. No tumor was found in 
the lung nor were there metastases. The patient 
was markedly emaciated and had arteriosclerotic 
heart disease as well as pneumonia. 

DISCUSSION 

The majority of patients with inoperable 
lung cancer have been treated with a 2 mev 
roentgen-ray unit that in our opinion is 
superior to the cobalt-60 unit for the treat- 
ment of pulmonary carcinoma. Most impres- 
sive during the treatment were the excellent 
tolerance that the patients exhibited, the 
almost regularly displayed symptomatic im- 
provement, and last, but definitely not least, 
the most gratifying objective success in many 
patients. Among the observations made in the 
course of this special study three are of con- 
siderable interest. (1) the missing correlation 
between clinical success and roentgenologic 
findings, (2) the apparently greater response 
of malignant lesions of the epithelium com- 
pared with those of glandular tissue, and (3) 
the microscopic proof that it is possible to 
sterilize even a large carcinoma of the lung 
with external radiation as previously out- 
lined. 

EDITORIAL ADDENDUM 

The findings reported by Dr. Guttmann re- 
flect reports of other investigators who have 
used high-energy irradiation in the treatment 
of inoperable lung cancer. 

T. A. Watson, of Saskatchewan, Canada 
[71, reported on 611 patients. Each of 319 
untreated patients died rapidly, only two 
remaining alive after three years. Of 151 pa- 
tients who received orthovoltage roentgen 
therapy, none survived a prolonged period and 
the survival curve adhered rather closely to 
that of untreated patients, the only difference 
being that a larger number of those who re- 
ceived treatment survived the early months. 
Twenty-eight patients treated with the 23 mev 
betatron enjoyed a good survival rate during 
the early months but the survival fell off 
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precipitously thereafter. (Figure 26-16.) Four- 
teen patients treated by cobalt-60 teletherapy 
presented a survival rate similar to that of 
those treated with the betatron. 

Over 75 per cent of the patients treated 
with high-energy irradiation enjoyed pallia- 
tion that was considerably superior, in Dr. 
Watson’s estimation, to that offered by ortho- 
voltage irradiation. He concludes: “Super- 
voltage roentgen therapy seems to offer 
nothing curative in cancer of the lung. There 
is, however, evidence of significant palliation. 
It is suggested that nitrogen mustard com- 
bined with supervoltage radiation may be 
superior to radiation alone." 

Hare and associates {2, 31 of the Lahey 
Clinic and the Massachusetts Institute of Tech- 
nology reported their experience with twenty- 
six patients treated with the 2 mev x-ray 
generator. The dose administered was 175 
r per day for 35 treatment days, striving for a 
tumor dose of 6,000 r. These authors have 
demonstrated that a dose of 3,000 r is in- 
sufficient to destroy pulmonary cancer but 
that 6,000 r is cancericidal for squamous-cell 
carcinomas. They reported a study in progress 
of delivering a cancericidal dose of irradiation 
preoperatively followed by pneumonectomy. 

Harvey has reported excellent palliation 
with the use of the 22 mev betatron (see Vol. 
I, Chap. 20). He calls attention to the fact 
that patients suffering from intractable pain 
owing to Pancoast tumor enjoyed marked 
relief from this symptom. 

Wheatley, Steed, Savage, King, Forster, 
Hodt, Jones, and Smithers reported on 
25 patients treated at the Royal Marsden 
Hospital, London, with a 2 mev generator: 
good palliation was secured. Morrison and 
Deeley reported on 199 patients with inoper- 
able lung cancer treated with the 8 mev linear 
accelerator with good palliation but no sig- 
nificant prolongation of survival. Smithers 
has stated: “In our experience supervoltage 
irradiation gives symptomatic relief more 
easily and with far less discomfort to the 
patient. Improved quality of radiation also 
gives a better chance to those few patients 
whose degree of spread has been over- 
estimated or who are technically inoperable 
but in whom some opportunity for longer 
survival still remains." 
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Milford D. Schulz 161 of the Massachusetts 
General Hospital (Boston), has treated 232 
patients with inoperable lung cancer employ- 
ing supervoltage x-ray therapy — either a 1.2 
or 2 mev unit. An average survival of eight 
months after x-ray therapy was accomplished. 
About 4 per cent of the patients survived two 
years; three patients survived mote than five 
years. In contrast, those who received no treat- 
ment survived less than three months He 


suffering and anxiety among those with this dis- 
ease, and for a fortunate few we have been able 
to secure respite and return to health — in some 
cases to normal activity — for long periods of 
time — occasionally for many years, 

1 can report to you that we are able to offer 
this to an increasing number of patients and that, 
with improvement in equipment and techniques 
and with greater knowledge of the disease, I 
believe we are doing it more effectively and ef- 
ficiently and with less harm to the patient carry- 
ing the tumor. It remains our object to improve 



TIME IN MONTHS (square root scale) 


Tig. I&-16 Survival lime of pallenu otter various types of treatment (see text). (From T A. V/alion 
17], courtesy American Journcf of Roentgenology, Radium Therapy, ond Nuclear Medicine ) 


questions the advisability of administering a 
radical course of therapy (6,000 r in six weeks 
or longer) except m selected circumstances. 

Schulz summarized his experience as fol- 
lows: 

Finally, I should like to be able to report to 
you that by radiotherapy we have been able to 
cure a numerically significant number of cases of 
cancer of the lung but I can not 

1 should like to be able to report to you that 
are now curing more cancers of the lung 
nan we were formerly; I don't know that at 
present I can. 

,, * can report to you, however, that by radio- 
tnerapy we have been able to relieve a lot of 


the potentiality ot radiotherapy as a curative 
agent in this disease, when, for one reason or 
another surgery — which, as things now stand. I 
believe still remains the treatment of curable 
cancer — is not feasible. 

In contrast to the above reports. Garland 
and Sisson [1) do not believe that the pallia- 
tion of patients with inoperable lung cancer 
was better with supeivoltagc than with ortho- 
voltage irradiation. 

Clinical experiments are being conducted to 
note (he effects of postoperative irradiation in 
patients whose neoplasms have been incom- 
pletely resected. Guttmann has reported on 
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ten such patients in whom the results were 
encouraging. 

From the data available to date, it would 
seem that cancericidal doses of radiation can 
be administered to squamous-cell carcinomas 
of the lung with the high-energy radiation 
sources. A few reported post-mortem ex- 
aminations have demonstrated complete de- 
struction of the neoplasm in the radiation 
beam. Irradiation can be administered with 
minimal effect upon the skin, subcutaneous 
tissue, contiguous pulmonary tissue, and 
spinal cord and with a minimum of systemic 
reactions. The nature of the beam from high- 
energy sources permits of large portals so 
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that the regional lymph nodes may also be 
irradiated. Few data arc available to indicate 
whether localized operable neoplasms can be 
successfully controlled by supervoltage irradi- 
ation. To date, high-energy irradiation has 
not revealed any striking ability to cure pa- 
tients with pulmonary cancer, and the salvage 
rate in terms of longevity has not been par- 
ticularly gratifying. A prolonged course of 
treatment varying from four to eight weeks, 
which the patient tolerates well with the ex- 
ception of daily trips for the treatment, has 
produced significant but transient palliation in 
from 50 to 75 per cent of patients so treated. 



CHAPTER 27 


Treatment of Cancer of the Lung by Interstitial 
Irradiation 


Irving M. Ariel 
and 

J. Samuel Binkley 


“The stump of the pulmonary artery was 
then ligated separately with catgut and seven 
radon seeds of 1.5 milhcunes each were in- 
serted into various parts of the stump." 

This quotation is from the report of Graham 
and Singer (1933) in which they record 
the fust successful pneumonectomy for can- 


parently the first recorded instance of intersti- 
tial irradiation for lung cancer performed to 
control possible residual carcinoma following 
a pneumonectomy. Since then, efforts have 
been made to administer a cancericidal dose 
of radiation, utilizing various radiation 
sources 



Fig 27-1. Exploratory thoracotomy and implantation of radon ieeds 
under direct visual control. {From J, $. Binkley J4J, courtesy Anna/j o / 
Western Medicine and Surgery ) 


cer. The proximity of the carcinoma to the 
bifurcation of the main bronchus presumably 
caused the surgeon to believe that he had not 
removed all the cancer and to attempt to 
control any possible residual cancer by means 
of interstitial irradiation. The patient, a phy- 
sician, is still actively engaged in the practice 
of medicine. Hvarts Graham tragically died 
March A, 1957, of lung cancer. This is ap- 


One of us (J. S. B.) first attempted the use 
of interstitial irradiation in 1939 for tumors 
found to be inoperable at the time of thoracot- 
omy in two patients with superior sulcus 
tumors (Figure 27-1). Before these patients 
were treated, animal experiments had been 
performed to learn the immediate sequelae 
to implantation of gold-filtered radon seeds 
in the lungs of rabbits. The rabbits received 
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doses ranging from six radon seeds of 0.93 
me. strength to five seeds of 1.7 me. each. 
The treated animals showed no itl effects as 
determined from post-mortem examinations 
performed from one to six months after 
treatment. An occasional gold seed migrated 
into the free pleural space. Several seeds were 
adjacent to large blood vessels, and one seed 
was found in the pericardium, without evi- 
dence of necrosis. The pulmonary tissue in 
all the rabbits showed very little radiation 
fibrosis and central necrosis. 

In 1933 Carlson and Ballon [5] had re- 
ported their experiences with inserting tempo- 
rary implants of radium. Several investigators 
[18, 29] have attempted to insert radon seeds 
through a bronchoscope into patients with 
lung cancer for palliation, but obtaining satis- 
factory dose distribution by this method is 
most difficult and hence it is not surprising 
that the results have been discouraging. 

In 1949 Ariel, Head, Langston, and Avery 
[31 reported their experience with seventeen 
patients having inoperable lung cancer treated 
with interstitial radon seeds and needles 
permanently implanted at the time of thoracot- 
omy. 

Cliffton, Henschke, and Selby (1958) re- 
ported a large series of cases in which the pa- 
tients were treated with interstitial irradiation, 
using gold radon seeds, for pulmonary cancers 
found to be inoperable at the time of thoracot- 
omy, or following partial resection leaving 
residual cancer Also in 1958, Henschike [16] 
reported his experience with 3 1 patients with 
inoperable lung cancer treated by permanent 
implants of indium 192. 

RATIONALE FOR USE OF INTERSTITIAL 
IRRADIATION 

Improved technics of chest surgery have 
reduced the mortality rates for thoracotomy 
to an almost negligible figure. Accordingly, 
increased numbers of inoperable carcinomas 
are being discovered at the time of thoracot- 
omy. Inoperability rates have been reported as 
follows: Churchill (1948), 45 per cent of 
1 500 cases; Overholt (1949), 44 per cent of 
604 cases; Ariel (1950), 65 per cent of 1,205 
cases; Kirklin (1955), 76 per cent of 767 
patients. 

The results of irradiation administered 
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through external ports have not been satis- 
factory. Although palliation can be consider- 
able, increased longevity is seldom obtained 
and pulmonary fibrosis is a frequent complica- 
tion. Furthermore, the administration of deep 
roentgen-ray therapy usually entails a pro- 
longed and somewhat rigorous course of treat- 
ment. The average hospital stay for 820 
patients treated by roentgen-ray therapy, re- 
ported by Ariel and associates, was one and 
three-tenths months. (Sec Chap. 18 for a 
review of the accomplishments and limitations 
of externally administered irradiation.) 

If at the time of thoracotomy a cancer 
is found to be inoperable or if only a partial 
resection can be accomplished, rather than 
close the chest and depend upon external 
irradiation for palliation it is desirable to 
take advantage of the exposed neoplasm 
to apply interstitial irradiation with radioac- 
tive sources. The cancer and tumor bed thus 
exposed offer an ideal situation for interstitial 
irradiation of the tumor, with protection to 
the contiguous structures. Furthermore, when 
only partial resection of the cancer is possible, 
the residual tumor can be interstitially ir- 
radiated. It is also possible to apply interstitial 
irradiation to intrathoracic lymph nodes that 
harbor occult or obvious metastases. 

Interstitial irradiation offers an opportunity 
for administering higher tumor doses with 
minimal damage to normal tissue than does 
any other available radiologic method. Tumor 
doses as high as 35,000 rads have been deliv- 
ered by this technic without complications. 

AVAILABLE ISOTOPES FOR INTERSTITIAL 
IRRADIATION OF PULMONARY 
NEOPLASMS AND METASTASES 

Gold radon seeds and needles, radioactive 
gold (Au 108 ), radioactive cold coated with 
silver, radioactive yttrium (Yt 90 ), radioactive 
chromic phosphate (P 32 ), and radioactive 
iridium (Ir 1B2 ) have been used for interstitial 
irradiation. Other radioactive isotopes, such as 
radioactive chromium (Cr 51 ), with suitable 
physical and biologic characteristics, will be 
developed in the near future for this purpose. 

RADON 

Gold radon seeds have been the most fre- 
quently employed agent for interstitial irradi- 
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ation inasmuch as this was the only agent 
available until recently. Radon has advantages 
in that it gives off an energetic gamma ray that 
ranges between 243 and 2,198 kilovolts; the 
beta rays are absorbed by the gold capsule, 
and the half life of 3.8 days is satisfactory. 
A disadvantage of radon lies in the fact that 
an expensive emanation plant is necessary, 
which has made it available to only a few 


responsible for the infrequency with which 
lung tumors have been interstitially irradiated. 

RADIOACTIVE GOLD (Au 108 ) 

Radioactive gold has advantages in that it 
emits an energetic gamma ray of 411 kilovolts 
and its half life of 2.7 days is satisfactory, and 
is similar to radon in that a large dose of 
radiation can be administered in a relatively 



F>9 27-2. (left) Roentgenogram illustrating a large oat-cell carcinoma that was found to be inoperable at thora- 
cotomy The tumor was treated by interstitial irradiation by Dr. Henschlce, 284 iridium-192 seeds were inserted, which 
would produce a tumor dose calculated for total decay of the isotope of 35,000 roentgens. (Right) The appearance 
of the tumor eight months after the interstitial implant Note the numerous small iridium seeds within the tumor of 
the right upper lobe. The patient remains well one year and two months after the interstitial irradiation (Courtesy 
Or. Ulrich K. Hensehlte) 


large institutions. Commercially available 
radon is expensive; 100 me. would cost ap- 
proximately $450 in the United States, and 
because its use is predicated upon the findings 
at operation, it would be economically un- 
feasible to keep a supply constantly in readi- 
ness. The diameter of the radon implanter, 
w hich measures 1.45 mm. and is equivalent 
to a 17-gauge needle, makes it somewhat 
traumatic to insert many trocars of this size 
into a cancer. An implanter of smaller 
lameter would be preferable. The disad- 
vantages of using radon have been largely 


short period. Its half-value layer in lead, of 
2.7 mm., makes it possible to transport it in 
a relatively small container, in contrast to 
radon, which has a half- value layer in lead 
of 7.9 mm. The lower maximum beta energy 
of Au ,9s (980 kv) in contrast to that of 
radon (3,170 kv) permits the use of thin 
shields around the source to filter out the 
beta rays. 

Radioactive gold has been used as seeds, 
which are inserted through a routine radon 
trocar (outside diameter 1.45 mm.), and it 
has also been injected into the tumor as a 
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colloidal suspension. The material remains in 
situ and is slowly absorbed and transported 
through the lymphatics, requiring about two 
weeks for the transport. Accordingly, most 
of the radiation is dissipated at the site of 
injection. This technic is similar to the one 
utilized by Flocks and colleagues for the treat- 
ment of cancer of the prostate (see Vol. VII) 
and by Kottmeier, of Radiumhemmct (Stock- 
holm), for the treatment of cancer of the 
cervix (see Vol. VI). 

RADIOACTIVE YTTRIUM (Yt°°) 

Radioactive yttrium is a pure beta emitter, 
giving off beta rays in a range of 216 kilovolts 
and having a half life of 2.6 days. It is usually 
injected as yttrium chloride. It behaves as a 
colloid and remains at the site of injection, 
usually producing an yttrium proteinate. The 
use of radioactive yttrium has been extensively 
investigated by Joseph Greenberg [101 of the 
Long Island Jewish Hospital, who has shown 
that the beta rays of yttrium are highly effec- 
tive in controlling certain cancers and are 
not as detrimental as was at one time believed. 
Furthermore, the narrow penetration path of 
yttrium offers protection m irradiating can- 
cers that are on the aorta or the heart. This 
narrow path of penetration is also somewhat 
of a hindrance in that it requires exact dis- 
tribution for properly irradiating the entire 
tumor. 

RADIOACTIVE IRIDIUM (lr 132 ) 

Radioactive iridum, interstitially applied, 
has been extensively investigated by 
Henschke. This isotope emits gamma rays 
ranging from 136 to 613 kilovolts and has a 
half life of 74.5 days. When it is administered 
as a permanent interstitial implant, effective 
irradiation can be anticipated for approxi- 
mately 100 days. The long half life permits 
storage and availability of the isotope. The 
half-value layer in lead of 2.3 mm. permits 
transport m relatively small lead containers. 
The low beta energy of 670 kv permits thin 
shielding aiound the source; and the high 
cross section of iridium (750 barns) to neu- 
tron capture makes it possible to produce 
iridium that has a much smaller diameter than 
either radon or gold seeds. The iridium seed 
developed by Henschke has a diameter of 
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0.3 mm., and can be delivered through a thin 
needle with an outside diameter of 0.8 mm , 
equivalent to a 21-gauge needle. Radiation 
exposure to the operating surgeons during 
the insertion of the iridium is about one 
twentieth that of radon or gold. The cost of 
100 me. of iridium is about $23. The pro- 
tracted irradiation is beneficial for many 
tumors. 

A disadvantage of iridum is its long half 
life. The Atomic Energy Commission at the 
time of this writing has not licensed the 
clinical application of irridium as a permanent 
implant because of its reluctance to have pa- 
tients wandering about with a relatively high 
dose of radiation present for prolonged 
periods. Furthermore, an inherent weakness 
of iridium, as envisioned by the authors, is the 
fact that a long period must elapse before a 
canccricidal dose of radiation is administered. 
This is advantageous for certain slow-growing 
tumors; but for a rapidly growing cancer it 
would be preferable to administer radiation 
over a shorter period. 

The present authors have experimented 
with the use of a short-lived isotope with a 
high intensity of radiation (Yt 90 ) simultane- 
ously with the administration of a longer-lived 
isotope that emits the radiation more slowly 
(radioactive chromic phosphate [Cr P 3J OjI 
or Jr 02 ). 

METHODS OF INTERSTITIAL IRRADIATION 
OF LUNG CANCER 

Ariel, Head, Langston, and Avery [3] re- 
ported their experiences with interstitial irradi- 
ation of inoperable lung cancer using gold 
radon seeds and needles. Patients deemed in- 
operable at the time of thoracotomy because 
of extension of the neoplasm into the aorta, 
mediastinum, or other vital structures were 
treated by interstitial irradiation utilizing three 
types of gold seeds and needles containing 
radon. The active lengths were I, 2, and 4 
cm.; the over-all diameter was 0.7 mm. with 
a 0.3 mm. wall thickness. They contained an 
average of 1,2, and 4 me. of radon, respec- 
tively. The plan was to surround the cancer 
with the large-sized needles and disperse the 
smaller tubes and seeds throughout the neo- 
plasm, according to the distribution proposed 
by Quimby. Such accurate distribution was 
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Fig 27-3. Roentgenogram of a bronchogenic 
carcinoma of the right upper lobe which was 
treated by interstitial radon seeds and needles 
(From 1 M Ariel, J. R Head, H T. Langston, and 
E E. Avery [3], eourfesy Cancer) 

difficult, if not impossible, because of the 
location of the neoplasm in proximity to vital 
structures (heart, aorta) and the difficulty 
encountered in differentiating the cancer from 
the induration of the pneumonitis that often 
surrounded it. The seeds and needles were 
introduced by means of the usual radon-seed 


inserters and remained permanently. An at- 
tempt was made to provide a cancericidal dose 
to all parts of the neoplasm (Figures 27-3, 
27-4, 27-5). Total dosages varying from 3,000 
gamma roentgens to 20,000 gamma roentgens 
were administered. 

Henschke has developed a technic for more 
accurate permanent implantation that he has 
used successfully for irradiation with gold 
radon seeds and radioactive iridium (see Vol. 
I, Chap. 26 B). 

Hodt, Sinclair, and Smithers [17] have de- 
vised a “gun” by means of which radioactive 
gold can be “shot” into the tumor; this has 
been used effectively at the Brompton Hos- 
pital in conjunction with the Royal Marsden 
Hospital (London). 

Another method used by the authors has 
been the instillation of solutions of radio- 
active yttrium and/or radioactive chromic 
phosphate throughout the tumor. Radioactive 
gold can be inserted as tiny seeds (similar to 
radon) or as a colloidal suspension. 

Greenberg has devised a novel method of 
inserting radioactive yttrium. He incorporates 
the isotope into linear sources of methyl cel- 
lulose. The methyl cellulose dissolves in about 
24 hours, leaving a linear residue of the radio- 
active isotope 
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Intrathoracic lymph nodes may be intcr- 
stitially irradiated by a technic in which solu- 
tions of certain radioactive isotopes arc 
instilled within the pleura; these arc absorbed 
and transported via the lymphatics to the 
regional lymph nodes. Radioactive chromic 
phosphate (CrP”0 4 ) has been used at Memo- 
rial Hospital (New York City). A tube is 
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and delivered to the lymph nodes. Silver col- 
loids arc promptly drained into the regional 
lymph nodes. Inasmuch as it is uneconomical 
to produce radioactive silver, Hahn has de- 
vised a unique technic of coating radioactive 
gold colloids with nonradioactivc silver, which 
physiologically and chemically behave like sil- 
ver and have the physical characteristics of 



Fig. 27-5. Photograph of a post mortem specimen showing the radon 
seedi and needles that had been inserted four months previously. A dose 
of 13,425 milhcurie hours hod been given. (From I. M. Ariel, J. R. Head, H. 
T. Langston, and E E. Avery [3], courtesy Cancer.) 


placed into the pleural space at the time of 
thoracotomy and as soon as all the drains are 
removed postoperativcly, radioactive chromic 
phosphate is injected into the pleurat space. 
Final evaluation of this procedure awaits es- 
tablishment. A more desirable isotope is silver- 
coated radioactive gold, as developed by Hahn. 

Hahn has extensively experimented with the 
use of radioactive gold in the treatment of 
lung cancer. When gold colloids are instilled 
into the bronchus, they are slowly absorbed 


the gold nudeidc. This technic permits an ef- 
fective method of irradiating metastases to 
regional lymph nodes. A combination of radio- 
active gold and radioactive gold covered by 
silver could be interstitially administered into 
the cancer and the tumor bed. The naked gold 
would remain within the tumor, irradiating it; 
whereas the silver-coated gold would drain to 
the lymph nodes, producing satisfactory irra- 
diation of metastases. Hahn advocates that, 
two weeks before thoracotomy, instillation of 
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silver-coated radioactive gold into an intact 
nondiseased lobe of the lung on the affected 
side be undertaken; in two weeks, operation be 
performed, for at this time the inherent radia- 
tion of the isotope would have been largely 
dissipated; shortly after the operation, espe- 
cially if a lobectomy or a pneumonectomy can 
be effected, additional quantities be instilled 
into the empty hemithorax to provide addi- 
tional irradiation to the regional lymph nodes. 
A nationwide program, in which the present 


geometry of the neoplasms and their frequent 
juxtaposition to such vital and vulnerable 
structures as the heart and the great vessels 
make it extremely difficult to distribute the 
radiation source throughout every part of the 
neoplasm and its metastascs. 

RESULTS 

Seventeen patients reported on by Ariel, 
Head, Langston, and Avery [3], whose in- 
operable lung cancers were implanted with 



Fig. 27-6 Anteroposterior and lateral views of carcinoma metastatic to the lung from a renal neoplasm, this was 
wrtVi Vi me. ot •yttrium VS oAmirnstered peimrtr»Tieou*Vy. twa eerttwtste™ at kVpsadat was tTuVodeA \n 
the infected solution to permit roentgenographic delineation of the infected material. These photographs were taken 
Immediately after the injection. 


authors are participating, has been arranged by 
Dr. Hahn for the instillation of radioactive 
gold into the hemithorax following resection 
of pulmonary cancer, in an attempt to learn 
if a significant salvage can be obtained by 
postoperative irradiation of occult metastases 
in regional lymph nodes. 

Attempts have been made by one of us 
(I. M. A.) to inject radioactive yttrium (us- 
ually from 10 to 20 me. of Yt 00 ) into lung 
tumors percutaneously under radiologic con- 
trol (Figure 27-6). This technic has been 
utilized in 15 patients to date, without mis- 
hap and with encouraging results 

A truly satisfactory technic for adequately 
and accurately inserting radiation sources into 
Jung cancers still awaits development. The 


gold radon seeds, experienced palliation. The 
presence of the gold seeds had no deleterious 
effect upon convalescence. Each enjoyed an 
essentially uneventful postoperative course en- 
tirely comparable to similar but nonirradiated 
subjects and was discharged on an average of 
two weeks following the operative procedure. 
One patient did develop a brisk skm reaction 
from the interstitial irradiation. In Henschke’s 
senes of patients, the median day of discharge 
from the hospital following thoracotomy and 
interstitial irradiation was the eleventh day. 

Chflton, Henschke, and Selby [7] reported 
on 108 patients with primary bronchogenic 
carcinoma found to be inoperable at the time 
of thoracotomy who received uvtcrsUtial radon 
implantation. The operative mortality was 5.6 
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per cent. The average survival time, including 
the patients who died postopera lively, was 
10.3 months; excluding the operative mortal- 
ity, it was 10.8 months. The median survival 
time was 7.0 months. Very little difference in 
survival was noted when the group was an- 
alyzed according to the histologic type of 
tumor. A slightly improved survival was 
shown for the group with ndcnocarcinoma. 

PALLIATION 

Each of the above-mentioned patients in the 
series of Ariel and associates enjoyed prompt 
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malaise, were abated in most instances, and 
improved appetite with gain in u- eight oc- 
curred. 

In one patient the tumor, as visualized by 
roentgenography, decreased from 6.5 cm. to 
3.5 cm. in diameter in one month. 

INTERSTITIAL RADON THERAPY IN THE 
TREATMENT OF THE SUPERIOR 
SULCUS TUMOR 

The poor end results in the clinical manage- 
ment of cancer of the superior sulcus of the 
lung arc well known. The average survival 



Fig. 27-7 {Mi) PotUroonlsrioT loenlgtnogiam of chest, showing a sight superior sulcus tumor. (RigM Postero- 
anterior roentgenogram of the chest made fourteen month* ofler interstitial radon therapy, showing regression e 
the tumor in left illustration, (from J. S. Binkley [4], courtesy Annalt of Western Medicine ond Surgery) 


though transient (one to ten months) pallia- 
tion. In all patients in whom cough had been a 
troublesome symptom there was a marked 
diminution in the severity of coughing and in 
the amount of expectoration. 

Chest pains were diminished in all but one 
patient, in whom the pain was believed due 
to a rib metastasis. In two patients atelectasis 
that had been present owing to obstruction 
of the bronchus by tumor was relieved follow- 
ing the irradiation. The atelectatic lobe in both 
instances became aerated and the degree of 
obstruction of the bronchus by tumor, as visu- 
alized bronchoscopically, decreased almost to 
the point of complete patency. 

General symptoms, such as fever and 


time after the onset of symptoms is about one 
year, and the patient suffers increasing pa |n 
until death. (See Chapter 28 for a discussion 
of superior pulmonary sulcus tumors.) 

A combined method of surgical exposure of 
the neoplasm and interstitial irradiation was 
first utilized in 1939 by one of us (J. S. B.)- 
Failure to control pain by external irradiation 
alone prompted the attempt. The salient fea- 
tures of attempts to palliate patients with the 
superior sulcus tumor by means of interstitial 
radon introduced during thoracotomy are il- 
lustrated by this patient, a fifty-seven-year-old 
male opera singer. He suffered a right Homer’s 
syndrome and right shoulder-girdle pain. 
Roentgenograms of the chest revealed a mass 
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4 cm. in diameter in the right upper thoracic 
inlet (Figure 27-7). At thoracotomy an in- 
operable tumor of the superior sulcus of the 
right lung, measuring approximately 5 cm. in 
diameter, was encountered. Aspiration needle 
biopsy was reported as carcinoma. Twenty- 
three gold-filtered radon seeds were inserted 
into the tumor for a total dose of 43.13 me. 
The patient’s postoperative course was un- 
eventful. One month later his weight was 146 
pounds. His Horner’s syndrome was improved. 


of severe pain, the result of a superior sulcus 
tumor that had eroded the ribs. An exploratory 
thoracotomy revealed a firm tumor, approxi- 
mately 3.5 cm. in diameter, frozen in the 
thoracic inlet and encroaching upon the sub- 
clavian vessels and the nerve roots of the 
brachial plexus. Aspiration needle biopsy was 
reported as carcinoma, and twenty gold-fil- 
tered radon seeds were inserted into the growth 
for a total of 24.2 me The immediate post- 
operative condition was good, and the right 




Fig. 27-8. Diagram illustrating regression of superior sulcus tumor, with relief of pain, 
following interstitial irradiation. (Same case as Figure 27-7). (From J S Binkley [4], 
courtesy Annalt of Western Medicine ond Surgery.) 


He was begun on 1,000 kv supervoltage x-ray 
therapy; h.v.l. 3.8 mm. Pb, 70 cm. distance, 
300 r x 10, through an 11 cm. circular port 
anteriorly and posteriorly, for a total of 3,000 
r x 2 or 6,000 r measured in air. Follow-up 
roentgenograms of the chest showed no 
further progress of the cancer. Seven months 
later he developed pain of the right shoulder 
girdle referred down the right upper extremity, 
which was in sharp contrast to the seven 
months’ freedom from pain. Another course 
of x-ray therapy was without effect and the 
patient succumbed fifteen months after the in- 
terstitial irradiation. 

Another patient, a morphine addict, was 
a mg 18 grains of morphine a day because 


lung re-expanded. His symptoms regressed. 
Repeat roentgenograms of the chest revealed 
no evidence of activity of the cancer and he 
remained in excellent physical condition, with 
a twelve-pound weight gain. He stopped taking 
narcotics. Approximately seventeen months 
after interstitial irradiation his symptoms re- 
curred and he succumbed 29 months post- 
irradiation. 

Of four patients with superior sulcus tumors 
reported by Henschke, two have died: one 
four months and the other thirty-five months 
after the implantation of gold radon seeds. 
One patient is living and well over five years 
after implantation. 



458 


Inlralhoraclc Tumors 


INTERSTITIAL IRRADIATION WITH 
YTTRIUM 90 AND CHROMIC 
PHOSPHATE (P 3 -) IN INOPERABLE 
LUNG CANCER 

Of fifteen patients treated by the authors 
whose lung cancers were infiltrated with solu- 
tions of radioactive yttrium and/or radioactive 
chromic phosphate (P 12 ), almost all have en- 
joyed palliation, sometimes to a surprising de- 
gree. Relief of chest pain and diminution of 
coughing were the major benefits. No signifi- 
cant increase in longevity was noted. The aver- 
age duration of life was 6.5 months following 
the interstitial irradiation. No complications 
occurred in any of the patients treated. 

INTERSTITIAL IRRADIATION COMBINED 
WITH SURGICAL RESECTION 

Situations will present themselves wherein 
it may be possible to resect significant portions 
of the cancer and implant the residual nonre- 
sectable portion. Cliffton, Hcnschke, and 
Selby [7] report 21 such instances. In nine 
patients a pneumonectomy was performed, 
with the prohibitive mortality of 44 per cent. 
The over-all survival time of this group was 
4.7 months; but if those who died as a result 
of the operation are excluded, the average 
survival is 8.7 months. In twelve patients a 
partial resection (lobectomy or wedge resec- 
tion) was performed, with a mortality of 25 
per cent. The average survival time of this 
group, including those who died at operation, 
was 17.4 months, and excluding the operative 
deaths, 22.6 months. Four of these patients are 
living, from 18 to 100 months. 

COMPLICATIONS OF INTERSTITIAL 
IRRADIATION OF LUNG CANCER 

No complications have been observed from 
the interstitial irradiation of pulmonary can- 


cers. One patient reported by Arid, Head, 
Langston, and Avery [3], who enjoyed excel- 
lent early palliation, succumbed four months 
following irradiation owing to aggravation of 
a tuberculous lesion of the opposite lung. The 
possibility that irradiation contributed to the 
aggravation of the tuberculous lesion cannot 
be overlooked. 

Hcnscbkc reported that a number of Ws 
patients suffered from a mild esophagitis be- 
lieved to be the result of the irradiation. In 
each ease the esophagitis cleared spontane- 
ously. 

The difficulty of accurate distribution offers 
a potential hazard of overlapping of radiation 
sources, with resultant necrosis owing to over- 
irradiation. If this occurs in the vicinity of a 
major vessel, hemorrhage may ensue, although 
this complication has not been observed in 
any of the reported eases. 

ANCILLARY MEASURES 

A canccricidal dose of radiation can be ad- 
ministered by the interstitial technics, and the 
interstitial irradiation may be supplemented 
by ancillary measures such as a course of 
nitrogen mustard or some other chemothera- 
peutic agent. This has been done in several of 
our patients, but the results are inconclusive. 

If a patient enjoys a good response and at a 
later date symptoms become bothersome, the 
patient may be given a second course of irra- 
diation through external ports. External irra- 
diation following interstitial irradiation has 
been utilized by both Henschke and Ariel and 
their colleagues, but it is impossible to assess 
its value except to state that the externally ap- 
plied radiation was well tolerated, without 
complications. 



CHAPTER 28 


Treatment of the Superior Pulmonary Sulcus Tumor 

HoroM W. Jacox 


HISTORIC REVIEW 

The study of tumors of the thoracic inlet 
was stimulated by Pancoast who, in 1924, 
called attention to a group of apical chest 
tumors that were associated with pain referred 
to the shoulder and arm of the affected side 
and, m addition, with cervical sympathetic 
phenomena that produced a train of symp- 
toms and findings suggestive of tumor of the 
spinal cord. He thought that the tumors that 
gase rise to this peculiar group of symptoms 
"ere pleural in origin, but he believed that 
tumors of the spinal cord, meninges, and neck, 
as well as cervical rib and vertebral neoplasms, 
oou also produce the same clinical picture. 
Me based his conclusions on a study of four 


patients, in three of whom an exploratory pro- 
cedure was performed, and in two of whom 
biopsy was done, but in none of whom 
necropsy was obtained. In 1932 [13] he ap- 
plied the term “superior pulmonary sulcus 
tumor” to this symptom complex and enu- 
merated its essential features: (1) homolateral 
pain around the shoulder and down the arm; 
(2) atrophy of the muscles of the arm and 
hand; (3) Horner’s syndrome (ptosis, miosis, 
apparent enophthalmos and anhidrosis); and 
(4) roentgenographic evidence of a small, 
homogeneous shadow at the extreme apex of 
the chest, with a variable amount of destruc- 
tion of the posterior aspects of the ribs and 
often adjacent vertebral infiltration. He con- 



, ^'9 28-1. Roentgenograph of chest demonstrating growth in 
°P«*» a typical superior pulmonary sulcus tumor. (From 
W Jacox [9], courtesy Journal of the American Medical 
Association.) 
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INTERSTITIAL IRRADIATION WITH 
YTTRIUM 90 AND CHROMIC 
PHOSPHATE (P 3 -) IN INOPERABLE 
LUNG CANCER 

Of fifteen patients treated by the authors 
whose lung cancers were infiltrated with solu- 
tions of radioactive yttrium and/or radioactive 
chromic phosphate (P n ), almost all have en- 
joyed palliation, sometimes to a surprising de- 
gree. Relief of chest pain and diminution of 
coughing were the major benefits. No signifi- 
cant increase in longevity was noted. The aver- 
age duration of life was 6.5 months following 
the interstitial irradiation. No complications 
occurred in any of the patients treated. 

INTERSTITIAL IRRADIATION COMBINED 
WITH SURGICAL RESECTION 

Situations will present themselves wherein 
it may be possible to resect significant portions 
of the cancer and implant the residual nonre- 
sectable portion. CIifTton, Henschke, and 
Selby [7] report 21 such instances. In nine 
patients a pneumonectomy was performed, 
with the prohibitive mortality of 44 per cent. 
The over-all survival time of this group was 
4.7 months; but if those who died as a result 
of the operation arc excluded, the average 
survival is 8.7 months. In twelve patients a 
partial resection (lobectomy or wedge resec- 
tion) was performed, with a mortality of 25 
per cent. The average survival time of this 
group, including those who died at operation, 
was 17.4 months, and excluding the operative 
deaths, 22.6 months. Four of these patients are 
living, from 18 to 100 months. 

COMPLICATIONS OF INTERSTITIAL 
IRRADIATION OF LUNG CANCER 

No complications have been observed from 
the interstitial irradiation of pulmonary can- 


cers. One patient reported by Ariel, Head, 
Langston, and Avery (3j, who enjoyed excel- 
lent early palliation, succumbed four months 
following irradiation owing to aggravation of 
a tuberculous lesion of the opposite lung. The 
possibility that irradiation contributed to the 
aggravation of the tuberculous lesion cannot 
be overlooked. 

Henschke reported that a number of his 
patients suffered from a mild esophagitis be- 
Ucvcd to be the result of the irradiation. In 
each case the esophagitis cleared spontane- 
ously. 

The difficulty of accurate distribution offers 
a potential hazard of overlapping of radiation 
sources, with resultant necrosis owing to over- 
irradiation. If this occurs in the vicinity of a 
major vessel, hemorrhage may ensue, although 
this complication has not been observed in 
any of the reported cases. 

ANCILLARY MEASURES 

A cancer/cidal dose of radiation can be ad- 
ministered by the interstitial technics, and the 
interstitial Irradiation may be supplemented 
by ancillary measures such as a course of 
nitrogen mustard or some other chemothera- 
peutic agent. This has been done in several of 
our patients , but the results are inconclusive. 

If a patient enjoys a good response and at a 
later date symptoms become bothersome, the 
patient may be given a second course of n" 1 * 1 ' 
diation through external ports. External ir r,i ' 
diation following interstitial irradiation has 
been utilized by both Henschke and Ariel and 
their colleagues, but it is impossible to assess 
its value except to state that the externally ap- 
plied radiation was well tolerated, without 
complications. 
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Treatment of the Superior Pulmonary Sulcus Tumor 

plasm, regardless o! its origin, can produce the 
signs and symptoms mentioned above, titles 
referring to a particular tumor should be 
avoided. 

Complete necropsies of patients with this 
syndrome have shown that it is the location of 
the tumor that is important in producing the 
symptoms and not its histologic structure. It 
bas been shown that the latter is not uniform 
but varies from patient to patient and even in 
the same patient. Because squamous, undiffer- 
entiated, and glandular types, some with 
mucin production, have been found, some pa- 
thologists consider a probable origin from 
bronchial rather than branchial rests. In the 
majority, the tumor has been secondary to a 
primary focus, with primary carcinoma of the 
lung predominating, although many neoplasms 
have been named as the primary growth. 
Among these are: carcinoma of the breast, 
esophagus, stomach, pancreas, larynx, pros- 
tate, kidney, and cervix, thymoma, osteogenic 
sarcoma, supporting-tissue sarcoma, sym- 
pathicoblastoma, and Hodgkin’s disease. Cases 
have been recorded in which a careful autopsy 
disclosed no primary site other than the soft 
tissues of the neck, confirming Pancoast’s 
original impression that the tumor may arise 
id an embryonal rest. 


INCIDENCE 

The condition occurs relatively infrequently 
a & considerable difference of opinion exists 
as o whether the syndrome can be regarded 
s a c mical and pathologic entity distinct from 
p mary carcinoma of the bronchus or a pul- 
metastat ‘ c tumor. A search of records 
rom January 1, 1928, to December 31, 1937, 
ncloswe, was made at the Mayo Clinic. Dur- 
werp S ten 'y ear P e riod only thirteen cases 
that fulfilled the criteria de- 
nosis nf ^ ?an . coast as essential for a diag- 
ProhaW,, SUpenor pulmonary sulcus tumor, 
in th» “ ° f these tumors will be found 
cnee of Ufe ^ ecause °f the increasing incid- 
of pnmar y lung cancer. 

A . SYMPTOMATOLOGY 

tumor of Primary carcinoma of the bronchus, 
more frennt^^ e -' 0r P uImonar y sulcus occurs 
male, Ail,. ^ . in ma ^ e t l ,an * n the fe- 
a gc is one exempt from the neo- 


plasm, although the majority of patients are 
of middle age. The right and left sides seem 
to be involved about equally. 

Pain is by far the earliest and most annoy- 
ing symptom. It usually begins near the 
shoulder and spreads down the arm to the 
elbow and around the scapula. It is usually 
intermittent in character, worse at night, and 
often mistaken at first for “rheumatism” or 
“neuritis.” Early roentgen ographic changes 
may be overlooked. Hemoptysis is usually ab- 
sent, but fixation of a vocal cord may occur 
early. Surgical exploration usually results in 
the finding of an inoperable condition because 
of rib or vertebral involvement. 

PATHOLOGY 

The term “superior pulmonary sulcus 
tumor” is not a justifiable term except when 
used to indicate only that the tumor is limited 
to a distinct portion of the thorax. The pres- 
ence of Homer’s syndrome is only a manifes- 
tation of the degree of spread of an apical 
tumor. It is related in no way to a specific 
type of tumor in the thoracic inlet. The tumor 
that most commonly produces this symptom 
complex is primary carcinoma of the bron- 
chus or bronchioles. 

In most cases, at autopsy it is impossible 
to separate the entire thickened pleural dome 
from the lung and it may be that the carcin- 
oma originates in this spot from the terminal 
bronchioles. The definite and striking syn- 
drome, quite different from that of the usual 
primary malignant growths of the lung, is a 
clinical manifestation accounted for by in- 
volvement of the nerves and blood vessels by 
tumor. 

PROGNOSIS AND TREATMENT 

The prognosis is extremely grave, most pa- 
tients being dead within a year after their 
first examination. Up to the present time there 
does not seem to be any treatment that is 
successful in dealing with the condition. In 
an occasional patient temporary relief may be 
obtained through the use of intensive roentgen 
therapy, and an effort at palliation with radia- 
tion is worthwhile in all patients whose general 
condition warrants it. 

Surgery is unsatisfactory because the nerve 
plexuses and mediastinum are usually infil- 
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eluded that it must be considered a distinct 
new clinical entity caused by a specific tumor 
arising in an embryonal epithelial rest, possi- 
bly derived from the fifth branchial pouch. He 
said, ‘The name of superior pulmonary sulcus 
tumor has been given it because this term im- 
plies its approximate location and a lack of 
origin from lung, pleura, ribs, or mediastinum. 


bronchus or sarcoma of a rib. He apparently 
was unaware of three papers describing cases 
similar to his, by Hare [7J in 1838, MacDon- 
ncll [10] in 1850, and Ricaldoni [I5J in 1918. 
Every year since 1932 additional case reports 
have appeared, some of which attempt to 
clarify the origin of this neoplasm. The liter- 
ature contains reports of more than 200 cases 



Fig. 26-2. Roentgenogram showing destruction of the posterior 
half of the right first rib caused by infiltration of a superior 
pulmonary sulcus tumor. ( From H. W. Jacox [9], courtesy Journal of 
the American Medical Association.) 


It is possible that this new designation may be 
changed again with a better knowledge of the 
histopathology of the growth.” 

Pancoast’s conclusion was based on a re- 
view of his four original cases, one of which 
was discarded, and on four additional cases, 
in none of which biopsy or necropsy was per- 
formed. Owing to the absence of demonstrable 
metastases and to the absence of one or more 
of the characteristics he had described. Pan- 
coast dismissed the idea that the condition 
might be one of primary carcinoma of the 


of these tumors having the Pancoast syn- 
drome. 

The syndrome has been described under a 
variety of names: superior pulmonary sulcus 
syndrome. Pancoast syndrome, apicocosto- 
vertebral syndrome, primary carcinoma of the 
pulmonary apex, sulcus tumor, primary apical 
lung carcinoma, cancer of the thoracic pul- 
monary apex, tumor of the superior thoracic 
inlet, extrapulmonary tumor of the thorax, 
sternoclavicular branchioma, and others refer- 
ring to specific tumors. Inasmuch as any neo- 


Treatment of the Superior Pulmonary Sulcus Tumor 

surgery and irradiation. Chardack and Mac- 
Callum [2] report the case of a patient with 
freedom from recurrence or metastases of more 
than five years following surgical removal of 
an apical bronchogenic carcinoma producing 
a Pancoast syndrome and conventional volt- 
age postoperative irradiation. Three weeks 
after surgery, when pain in the arm and hand 
returned, a tumor dose of 6,528 r (h.v.l. 2.5 
mm. Cu) was delivered in fifty-four days and 
a successful result was obtained. The post- 
operative irradiation appears to have been an 
essential part of the satisfactory control in 
this instance. The patient died of broncho- 
pneumonia nearly six years after operation 
and at autopsy no evidence of local tumor or 
metastases could be found. Dontas also rec- 
ommends surgical removal of the upper lobe 
and part of the attached ribs whenever possi- 
ble, and postoperative radiotherapy. 

The question of what is the optimum volt- 
age for the therapy of this condition has not 
been determined. Equally good palliative re- 
sults have been obtained with conventional as 
svith supervoltage roentgen therapy. 

If pain returns after a full course of roent- 
gen therapy, high cervical chordotomy, mul- 
tiple posterior nerve root or intercostal nerve 
sections, or a combination of these procedures 
s ould be performed when the general condi- 
tion of the patient will allow it. Even though 
e len gth of life may be only a few months, 
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the severity of the pain justifies some type of 
neurosurgical attack. In choosing between 
chordotomy and multiple nerve root sections 
it should be remembered that chordotomy 
must be done above the fourth cervical seg- 
ment and this carries certain risks, mainly 
from malfunction of respiratory control. Mul- 
tiple posterior root section is not a dangerous 
operation, but if enough roots are not cut 
relief of pain will be incomplete. It is here 
that intercostal nerve section may be of great 
value. Although a completely denervated 
upper extremity is largely useless, the relief of 
excruciating pain is worth the handicap. The 
patient’s needs should be anticipated early in 
the course of the neoplasm while he is able to 
stand the necessary surgical procedure, before 
deterioration begins. If the pain is more gen- 
eralized over the whole upper quarter of the 
chest and upper extremity, prefrontal lobot- 
omy may be the better procedure. 

The only possible way to overcome the dif- 
ficulties of early diagnosis and give the patient 
a chance of better palliation is to investigate 
completely every severe and persistent “neu- 
ritis” of brachial plexus distribution, even to 
the extent of exploratory operation if the 
cause cannot be found otherwise. 

(See Vol. I, Chap. 20, for a discussion of 
betatron irradiation and Chap. 27 of this vol- 
ume for a discussion of interstitial irradiation.) 
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trated. Distortion of the esophagus on a 
barium x-ray examination and recurrent 
laryngeal nerve paralysis always mean inoper- 
ability. When roentgen findings arc definite 
and a positive biopsy specimen can be ob- 
tained from the supraclavicular fossa, cure is 
out of the question. (See Chap. 18 for addi- 
tional discussion of the surgical treatment of 
the superior sulcus tumor.) 

If roentgen therapy is used, it should be 
given with a large tumor dose, cross-firing 
the shoulder, superior mediastinum, and upper 
lung field and using bolus material to fill any 
air space. Temporary palliation of pain can 
be obtained only after intensive roentgen 
therapy. This means daily treatment with 200 
r (measured in air), half-value layer of 1 to 
2 mm. Cu (200 to 250 kv peak, 0.5 to 2.0 
mm. Cu), cross-firing the supraclavicular 
region from front and back through each of 
two portals measuring 15 X 15 cm. (Figure 
28-3). Each portal should receive between 
3,500 and 4,000 r (in air) within a period of 
25 to 30 days. With a patient whose shoulder 
measures 20 cm. in thickness in the mid- 
clavicular line, 100 per cent of the air dose 
will be delivered to the center and 130 per 
cent at a depth of 4 cm. If an air dose of 
4,200 r is given to each of two such fields, 
with slanting convergent portals, the tissue 
dose in the middle of the fossa will be 4,200 r 
and the tumor dose 4 cm. deep will be 5,460 
r. The central ray is aimed at the center of 
the supraclavicular fossa and is angled so that 
the cone is flat against the skin surface as 
much as possible. Sometimes this is difficult 
and bolus is used where there is much separa- 
tion of the cone and skin or where part of 
the beam is projected into the air. 

Radiation therapy is often unsatisfactory 
because these tumors are particularly malig- 
nant and generally refractory to radiation 
treatment. However, regeneration of rib de- 
struction, as shown by recalcification, has oc- 
curred after conventional voltage (200 to 250 
kv) and supervoltage (1 million or more) 
roentgen therapy, and temporary pain relief 
is sometimes obtained. Haas, Harvey, and 
Melchor report one patient with rib recalcifi- 
cation and without evidence of cancer thirty- 
five months after betatron irradiation using 
eight fields which gave a tumor dose of 11,000 


r in twenty-six days. Radiation fibrosis, proved 
by multiple biopsies, followed this heavy 
dosage and produced a fluctuating circulatory 
disturbance. Spinal symptoms after betatron 
irradiation were found in two of their patients. 
Smithcrs 116] reports a similar instance of rib 
recalcification from betatron treatment, but 
docs not give technical factors or dosage. At 
the Presbyterian Hospital in New York City, 
complete rib rccalcification followed a tumor 
dose of 4,250 r of 250 kv radiation in thirty- 
nine days, but the patient died two years later 
of extension of the cancer. 



Fig. 28-3. Location and ii ze of roentgen portals of 
entry. The arrow represent* the degree of angulation 
of the central ray (Eye changes of left Horner's syn- 
drome are visible ) (From H. W. da cox [9], courfesf 
Journal of the American Medical Association.) 

Of eighteen patients with apical lung tumors 
treated with radiation by Haas and his as- 
sociates, one of eight who received conven- 
tional x-ray therapy survived eleven years and 
was regarded as an exceptional curiosity in 
radiosensitivity. He received a tumor dose of 
5,300 r given m sixty days with 400 kv radia- 
tion. Of ten patients treated with the betatron, 
two were living and well fifteen and thirty-one 
months after irradiation. 

Another advance in the treatment of this 
condition seems to be in a combination of 









CHAPTER 29 


Treatment of Miscellaneous Malignant Tumors 
of the Lung 

Alveolar-Cell Carcinoma, Sarcoma, Hamartoma, and 
Mesothelioma 

Ugo Pin heir o Guimaraes 


ALVEOLAR-CELL CARCINOMA 
(PULMONARY ADENOMATOSIS) 

INCIDENCE 

Bronchiolar or alveolar-cell carcinomas of 
the lung are relatively rare, fewer than two 
hundred verified cases having been recorded 
since its first description, by Malasscz, in 1876. 
At the Mayo Clinic, twelve patients bearing 
this tumor were observed up to 1951. Also up 
to 1951, twenty patients with bronchiolar car- 
cinoma were observed among 1,200 patients 
with lung cancer at the Memorial Hospital 
(New York) . Reviewing the subject in 1955, 
Decker [18] collected 145 proved cases and 
added ten more. Earlier (1953), Storey [81] 
collected 154 cases. 

Ikeda (1945), in a statistical study gleaned 
from the literature, reported the incidence of 
alveolar-cell carcinoma as 3.9 per cent of lung 
cancers. Neuberger and Geever [66] placed 
the incidence at 5 per cent, and Paul (1950) 
at 20 per cent of lung cancers, which seems 
an exaggerated estimation. 

Another case with necroscopic confirmation 
is added here (Figure 29-1). 

histogenesis 

The exact nosology of bronchiolar (alve- 
olar) carcinoma must await precise definition 
of the histologic nature of the lung alveoli. 
Meanwhile, the similarity between this neo- 
plasm and jaagsiekte, an infectious pulmonary 
adenomatosis of sheep, has resulted in efforts 
to correlate these two entities. The sheep af- 


fliction is an epizootic pulmonary adenomato- 
sis of global distribution. It tends to be 
endemic. In the United States it is frequently 
referred to as "Montana pneumonia.” This 
fatal disease in sheep is known to be infectious 
by indirect evidence: when healthy sheep are 
housed with sick animals, they contract the 
pulmonary affliction. Attempts to isolate the 
infectious agents and to transmit this ovioe 
malady artificially, either within or outside the 
specie, have been unsuccessful. Attempts to 
inject human adenomatosis into animals have 
also failed to reproduce either a transmissible 
agent or the neoplasm itself. 

The observation that similar neoplasms can 
be produced in various animals by different 
agents, either chemical (1, 2, 5, 6 dibenzan- 
thracene injected subcutaneously into mice, 
which produced tumors of bronchiolar or 
alveolar type [Grady]) or bacterial toxins, has 
led to the belief that nonspecific noxious 
agents will produce hyperplasia of the bron- 
chiolar (alveolar) constituents that may 
eventuate in neoplastic formation. These 
animal data, although intriguing, have not 
contributed basically to a significant under- 
standing of bronchiolar (alveolar) tumor in 
the human. 

The divergent impressions of the over one 
hundred authors who have written on the sub- 
ject during the last few years may be sum- 
marized as follows: 

1. Those who admit the existence of alve- 
olar carcinoma originating from the epithelial 
cells of the alveolar lining. 
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Fig. 29-2. Four Inehion* for thoracotomy. 


Examination of Exfoliated Cells 

^Pytologle . studies ™y diagnose this carcin- 
, u ’ a P anic olaou has remarked that this 
tame^ . eX ^°' iates profusely. Material is ob- 
tion ln f s P utUm * > n aspirated bronchial secre- 
’ and also pleural fluid. At the Mayo 


Clinic, of seven patients in whom a cytologic 
examination was made, four were positive 
(three in sputum, one in aspirated bronchial 
material). Watson and Smith (851 report 80 
per cent positive results in fifteen cases; but 
Decker reports only eighteen positive results 
in forty-two cases (43 per cent). 
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2. Those who admit the existence of an 
alveolar malignant tumor, originating from 
the mesothelial cells of the alveolar wall, 
which have differentiated into an epithelioid 
type. 

3. Those who deny the real existence of an 
alveolar-cell carcinoma as a tumor originating 
from the alveolar cells, believing that they 
originate from the basal cells of the bron- 
chial mucosa. 

As the presence of epithelial elements in 
the alveolar wall of the adult is still unproved, 
here lies the argument for the bronchogenic 
histogenesis, which l favor. However, the final 
word is lacking, and morphologic discussions 
are still presented with the embryologic and 
histologic comments of the different investi- 
gators. There is undoubtedly a more general 
tendency to classify this tumor as a peculiar 
variety of bronchogenic carcinoma. 

In its relation to the treatment, there re- 
mains the question of a unique or a multiple 
origin of the neoplasm. Here, again, the prob- 
lem is not entirely solved. Those who profess 
a multicentric origin could not accept with 
much sympathy the treatment rigidly based 
on resectional surgery. Published data, how- 
ever, indicate that resection provides positive 
results when — an infrequent possibility — a 
definite early diagnosis is obtained. 

SEX AND AGE DISTRIBUTION 

Bronchiolar (alveolar) carcinoma is said to 
occur more frequently in the female, in con- 
trast to bronchogenic carcinoma. At the Mayo 
Clinic, seven of the twelve patients were 
women, whereas at Memorial Hospital only 
five of the twenty were women. Among the 
155 cases reported up to 1955 (Decker [18]), 
the ratio was three males to two females. 

The former impression that this tumor is 
encountered at an earlier age than the bron- 
chogenic type has not been confirmed. The 
average age of the patients in the Mayo Clinic 
and the Memorial Hospital series was around 
fifty years. In Decker’s 155 collected cases, 
the major incidence was between forty-one 
and sixty years, more particularly between 
fifty-one and sixty years. 

CLINICAL CHARACTERISTICS 

Two types of bronchiolar (alveolar) car- 
cinoma have been described, according to dif- 
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ferences in the morphology and clinical 
course: (I) a multinodular type, and (2) a 
diffuse pneumonic type. 

In some instances the morphologic evolu- 
tion docs not show a typical disparity. Herbut 
[45] reported a case in which one lung con- 
tained a nodular tumor coincident with a 
lesion of the diffuse type present in the op- 
posite lung. 

It has been suggested that the diffuse forms 
might result from the coalescence of indi- 
vidual nodules. Instances of both varieties 
have been observed in which the clinical 
course and the morphologic features remained 
distinct. In Adler’s [I] series, fifteen belonged 
to the multinodular type, four to the diffuse 
type, and one was a mixed type. Griffith, Mc- 
Donald, and Clagett [39] found 50 per cent to 
be the nodular type, 36 per cent diffuse, and 
1.4 per cent mixed. 

The nodular type is most frequent. All 
gradations in the size of the nodules are ob- 
served, scattered throughout the lung or lungs 
(Figure 29-1). A bilateral origin seems to be 
a common feature, being reported by Griffith, 
McDonald, and Clagett in 69 per cent of their 
patients. 

The diffuse type, with a pneumonic appear- 
ance, was first described by Musser in 1903. 

DIAGNOSIS 

The chances of successful treatment depend 
entirely upon early diagnosis — a difficult task. 
In some instances there are no symptoms re- 
ferable to the respiratory system at the begin- 
ning. Moreover, the classic signs and symp- 
toms (cough, sputum, pain, hemoptysis, fever) 
are not characteristic. 

All available diagnostic methods must be 
employed. Roentgenologic examination, clin- 
ical laboratory data, bronchoscopy, cytologic 
examination of exfoliated cells, and even 
thoracotomy must all be utilized to diagnose 
this form of cancer (Figure 29-2). 

No typical roentgenologic features are un- 
equivocal proof of bronchiolar (alveolar) car- 
cinoma (Storey and Lawrence [81]). How- 
ever, the multiplicity of nodules, the location, 
and the diffuseness of certain lesions suggest 
the diagnosis. 

Inasmuch as there is usually no bronchial 
involvement, the bronchoscopic picture will 
not as a rule be informative. 
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7,272 autopsies. In 1946, Randall and Blades 
175] collected from the literature six instances 
of bronchogenic myoblastoma, two of them 
malignant, and added one personal observa- 
tion of a leiomyosarcoma. Ochsner (1948), in 
a series of thoracotomies in 489 patients with 
carcinoma of the lung, noted two fibrosar- 
comas Black (1949) described a polypoid 
fibrosarcoma of the bronchus. Overholt ob- 
served five sarcomas (exclusive of lymphosar- 
coma) among seven hundred pulmonary 
resections, and Graham (personal communi- 
cation) has observed but one fibrosarcoma 
(1951), More recently a number of other 
cases have been reported in the literature. 
Vernon C. Thompson (1952) added one case; 
Cecconi (14] seven cases (chondrosarcoma); 
Galv and Touraine 132] seven more. 

Male predominance has been noted in some 
types. The age incidence varies from child- 
hood to more than seventy years. 


DIAGNOSIS 


Fibrosarcoma of the polypoid endobron- 
chial type gives symptoms of bronchia! dys- 
function and obstruction. The diagnosis is 
made by bronchoscopic examination and 
biopsy. 

The various other locations in the lung of 
this group of tumors present the usual com- 
plexities of progressive symptomatology and, 
consequently, differential diagnosis is difficult. 
Cytologic examination may help, and explora- 
tory surgery is frequently necessary. 


treatment of sarcoma of the lung 

e treatment of sarcoma of the lung i; 
surgical resection. 

Bronchoscopic exeresis of an endobrouchia' 
rosarcoma has been performed, but thi 
Su-cw f acCe P ted as a reliable procedure 
-cesstm pneumonectomies have been re 

Ml"!? f?,”*' 11 and Kraett l'3]. by Over 

others ‘ 03 5 a " d Tourair,e B21. and b) 

caws Ina h be obtained in inoperable 
sesb ) “radiation. r 


lymphosarcoma 

’ite^naTT" ° f ‘ he '“"S is UMa «y con ' 

Fkoraa) Md °Jj 1 S ? nera,iled P'ocns (lym- 
> Md h wce is not classified vsith the 


typical pulmonary tumors. However, it does 
occur as a localized process with sufficient fre- 
quency to warrant careful consideration. In- 
cluded in this group are tumors variously 
designated in the literature as lymphoblas- 
toma, clasmatocytoma, reticulum-cell sar- 
coma, and small-cell sarcoma. 

INCIDENCE AND CLINICAL FEATURES 

Beck and Reganis, in 1951, were able to 
collect from the literature reports of only six 
cases of primary lymphosarcoma and added 
nine cases [5]. A. H. Rose, in 1956, collected 
21 published cases that could be considered 
authentic, and a few have been added since 
1763. 

A tendency to occurrence in young indi- 
viduals has been noted. 

The clinical features of an isolated paren- 
chymal lymphosarcoma of the lung arc 
obscure, and differential diagnosis is difficult 
in early cases. Later, the presence of fever, 
pleural effusion, involvement of lymph nodes, 
and toxemia with anemia may be suggestive. 

Cytologic examination of pleural fluid is of 
diagnostic value. The roentgenographic ap- 
pearances vary greatly. 

TREATMENT OF PULMONARY 
LYMPHOSARCOMA 

Surgical resection is the treatment of choice. 
Pneumonectomies and lobectomies have been 
utilized. Churchill, Spatt and Grayzel [80], 
Ochsner, and Anlyan, Lovingood, and Klasser 
[3] have reported successful resections. Maier 
]59] reported a case with 10 5 years postoper- 
ative survival. Hazel and Jensik [43] recorded 
seven operative cases, with four survivals of 
more than five years (Table 29-1). Two of 
the patients, treated with partial resection, also 
had roentgen and nitrogen mustard therap). 
Diziembowsky [21] performed decompressive 
mediastinotomy in two patients suffering from 
acute mediastinal obstruction; rapid relief of 
symptoms followed. He states that as a result 
of the urgent surgical intervention the patient 
could receive subsequent radiotherapy. 

Roentgen or cobalt bomb therapy causes 
marked shrinkage of pulmonary I)mphosar- 
coma and in some instances may make inop- 
erable tumors operable. It is also used 
postoperatively and as a palliative measure. 
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DURATION OF SYMPTOMS 

Pulmonary symptoms have averaged less 
than a year’s duration before the patient 
sought medical attention. In the Memorial 
Hospital series, the average was 3.8 months. 
Extensive divergencies are recorded. In nine 
cases of Decker’s collected series, the duration 
was six weeks. However, there are on record 
histones of pulmonary symptoms of four 
years’ duration or longer. In a case reported 
by Dclarue and Graham [19], the symptoms 
were of five years’ duration. 

METASTASES 

According to Ncuberger and Gccver [66] 
and others, bronchiolar (alveolar) carci- 
nomas do not metastasize early. Neubergcr and 
Geever report 25 per cent of mctastascs to 
bronchial and hilar lymph nodes and 25 per 
cent to the liver, distant nodes, kidney, brain, 
and pericardium, in that order of frequency. 
Griffith, McDonald, and Clagett [39] refer to 
similarities in the distribution of metastascs 
between bronchogenic and bronchiolar (alve- 
olar) carcinoma; they observed that the 
adrenals were the site of metastases in 50 per 
cent of their necropsy series, the brain in 20 
per cent, and bones in 20 per cent. 

Metastases extend by the lymphatics to the 
hilar lymph nodes, pleura, and distant lymph 
nodes; by the blood stream to the liver, kid- 
neys, heart, spleen, etc.; by the aerial (bron- 
chial) route to the opposite lung (Hutchinson 
[49]). (Figure 29-1). 

Available evidence indicates that alveolar- 
cell carcinomas metastasize with the same 
rapidity as do bronchogenic carcinomas. 

TREATMENT AND PROGNOSIS OF 
BRONCHIOLAR (ALVEOLAR) CARCINOMA 

The fundamental principle of treating bron- 
chogenic carcinoma — i.e., that the only indi- 
cation, with hope of cure, rests with surgical 
resection whenever possible — is applicable to 
this group of neoplasms. 

The rapidity of spread of some bronchiolar 
(alveolar-cell) carcinomas prohibits surgical 
extirpation. Successful resections have, how- 
ever, been performed. 

Pneumonectomy, lobectomy, and seg- 
mental resection have been utilized. Neuhof 
and Aufses defend lobectomy in selected 
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cases. At the Mayo Clinic bilateral lobectomy 
was performed. In Delarue and Graham’s pa- 
tient, who was operated upon with a diagnosis 
of some inflammatory process, a right lower 
lobectomy was performed, but the remaining 
portion of the lung was resected four years 
later owing to recurrence. Graham thereafter 
stated that pneumonectomy is safer than a 
limited operation. 

In a group of fifty cases cited by Decker, 
exploratory operation and biopsy were per- 
formed in fourteen patients; pneumonectomy 
in seventeen; lobectomy in eighteen; lobec- 
tomy and lingulectomy in one; segmental re- 
section in four. Of this group, eleven patients 
were living and well for periods of one to ten 
years — five for four years, two for five years, 
one for six years, and one for ten years. Five 
of these eleven patients were subjected to 
pneumonectomy and three to lobectomy. 

In patients subjected to lobectomy a second 
resection has sometimes been necessary. 

Radical pneumonectomy and pleuropneu- 
monectomy is indicated in patients with hilar 
lymph node or pleural involvement. 

As a palliative measure, ortho roentgeno- 
therapy or irradiation with higher energies 
(supervollage irradiation, cobalt fefefherapy, 
or the betatron) may be used in inoperable 
cases; however, Potts and Davidson (1951) 
note that bronchiolar (alveolar-cell) carci- 
noma is a radioresistant tumor. 

Chemotherapy with the alkylating agents 
may offer palliation. 

SARCOMA OF THE LUNG 

Ewing long ago emphasized the complex- 
ities involved in diagnosing and classifying 
pulmonary sarcomas and described them as 
“a very ill-defined group of processes of varied 
origin and course.” He made reference to 
ninety collected instances of lung sarcoma re- 
corded by Adfer and stated that only a minor- 
ity could be accepted. 

The following analysis includes fibrosar- 
coma, leiomyosarcoma, chondrosarcoma, and 
myosarcoma. Lymphosarcoma and malignant 
neurilemmoma are discussed separately. 

INCIDENCE 

Pulmonary sarcomas are indeed rare. Ellis 
(1939) reported one lung sarcoma among 
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the lung occur or are discovered more fre- 
quently in older individuals. 

There may be absence of symptoms, or such 
pulmonary complaints as cough, chest pain, 
etc., which are not typical of this entity. 

Any of the lobes may be involved, and the 
tumor may be located either in the hilar or 
the peripheral region of the lung. 

There is nothing characteristic m the roent- 
genogram except, possibly, small calcifications 
scattered throughout a discrete, smooth-mar- 
gined, lobular mass (Hall [41]). In eleven of 
the seventeen patients reported on by Lemon 
and Good [52] of the Mayo Clinic, evidence 
of calcification or ossification was observed. 

Bronchoscopic examination is obviously 
useful in endobronchial localization of the 
tumor mass. 


TREATMENT 

The main difficulty lies in establishing a 
preoperative differential diagnosis and em- 
phasis is therefore focused upon the need for 
an exploratory thoracotomy. Exeresis of the 
tumor is generally easily done, resulting in 
a cure. The endobronchial type of tumor can 
be bronchoscopically eradicated. Resection 
can be performed if necessary. 


Vascular Hamartoma (Hemangioma) 
Blood vessel tumors of the lung vary frorr 
simple benign hemangiomas discovered in 
cidentally at autopsy to complex cavcmou: 
emangiomas producing physiologic vasculai 
(sturbances as the result of inducing arteri 
ovenous fistula. Such hemangiomas may or 
occasion be malignant and produce distan 
metastases. 

The diversity of types is responsible for i 
ne nomenclature: hemangioma, capillan 
mangioma, hemangioendothelioma, pul 
telangiectasis, vascular hamartoma 
nous hemangioma, arteriovenous aneu 
“rtcriovenous fistula. 

tanprM 3rSC ^ Ca ^ e d attention to the simul 
Cl0m 5 °^ rre nce of multiple foci of heman 
lung. The exact nature o! 
Myomas and whether they are or are no 
c '° rma,l0 " ! »iH not be dis 

Si' e r v °l- vm) l but it shorn, 
rnc in mind that some heman 


giomas develop invasive and malignant char- 
acteristics. 

Attention has lately been focused on the 
arteriovenous fistulas and reports of new cases 
have been added to the detailed review of 
fifty cases by Giampalmo [33]. The frequent 
hereditary and familial occurrence of arteri- 
ovenous fistulas has apparently been con- 
firmed, as has the concomitant occurrence of 
angiodysplasia of the skin and mucous mem- 
brane. Tomography, radiokymography, and 
angiocardiography are helpful in the identifi- 
cation of arteriovenous fistula. 

TREATMENT 

Surgical resection is the only reliable treat- 
ment for pulmonary hemangiomas. The 
technics employed vary, depending upon the 
individual situation, from pneumonectomy 
(Hepburn and Dauphinee [44]; Goldman 
[34]), lobectomy (Bisgard, Burchell, and 
Clagett; Botelho and Fleury da Silveira; 
D’AHaines), segmental resection (Makler and 
Zion [60], Soulie), excision of the aneurysmal 
process (Brobeck, Ewing), vascular ligatures 
(Packard and Waring), ligatures and vascular 
sections (Watson), to combined operations 
(O’Neill) . Bilateral operations have been per- 
formed with success. Owing to the progression 
of certain cases of arteriovenous fistula, suc- 
cessive operations were performed, with final 
cure of the patient. 

PLEURAL MESOTHELIOMA 

Two varieties of pleural mesotheliomas 
have been described: (1) a diffuse and typ- 
ically malignant form, and (2) a circum- 
scribed localized form, sometimes of a 
predominantly fibrous nature. Clagett, Mc- 
Donald, and Schmidt [161 believe that “Local- 
ized fibrous mesothelioma must be sharply 
distinguished from diffuse malignant meso- 
thelioma.” 

The nomenclature of the tumor, based on 
its morphology, is varied: endothelial car- 
cinoma (Wagner), endothelial sarcoma 
(Podack), primitive pleuroma (Cornil), en- 
doepithelioma (Rabin), pleural endothelioma 
(Eppioger), mesothelioma (Adami), etc. 
Krumbein collected thirty different denomina- 
tions. 

Although Lieutaud, in 1776, first described 
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TABLE 29-1. — Results of Resection in Pulmonary Lymphoma 


Patient 

Site 

Pathology 

Treatment 

Results 

1 

L. lung 

Hodgkin's sarcoma 

Subtotal resection; nitrogen 
mustard; roentgen 

Dead, 8 5 yr. survival 

2 

R. lung 

Small-cel! lympho- 
sarcoma 

Right pneumonectomy 

Dead; 3.5 yr. survival 

3 

L. lung 

Small-ccll lympho- 
sarcoma 

Left upper lobectomy 

Lost to follow-up 
after 2 yrs. 

4 

R. lung 

Small-ccll lympho- 
sarcoma 

Right upper lobectomy 

Alive 5.5 yrs. 

5 

R. lung 

Lymphoblastoma 

Right pneumonectomy 

Alive 5.5 yrs. 

6 

L. lung 

Small-ccll lympho- 
sarcoma 

Left lower lobectomy 

Alive 1.5 yrs. 

7 

Bilateral 

Small-ccll lympho- 
sarcoma 

Subtotal resection; nitrogen 
mustard; roentgen 

Alive 13 yrs. 


source : W V Hazel and It. Jonsik [<31, courtesy Journal of Thoracic Rnrocry 


Chemotherapy (nitrogen mustard) is of 
value as supplementary therapy. It is particu- 
larly useful as the initial treatment in a patient 
with distressing and dangerous obstructive or 
pressure symptoms, because of the rapid re- 
sponse of this turner to these agents. (See 
Volume IX for a detailed discussion of the 
lymphomas.) 

NEUROGENIC PULMONARY TUMORS 

The histologic varieties of intrathoracic 
neurogenic neoplasms include neurilemmoma, 
ganglioneuroma, neurinoma, neurofibroma, 
and others. They rarely occur primarily in 
the lungs. (See Chap. 30 for a discussion of 
mediastinal tumors.) 

TourofI and Sapm [83] reported a solitary 
encapsulated neurofibroma of the lung that 
occurred in the right lower lobe. Among 196 
lobectomies in patients with various diagnoses, 
Meade, Kay, and Hughes [62] found one in- 
stance of a sarcoma of nerve tissue origin. A 
similar tumor was reported by Diveley and 
Daniel [20], for which a pneumonectomy was 
performed, but a recurrence developed and 
the patient died four months later. 

TREATMENT 

Surgical resection is the indicated treatment. 
The type of operation will depend upon the 
extent and histologic nature of the tumor. 
Irradiation may be employed postoperatively 
and for palliation in inoperable cases. 


HAMARTOMA OF THE LUNG 
Chondromatous Hamartoma 

Hamartomas arc rare tumors of the lung. 
McDonald, Harrington, and Clagett of the 
Mayo Clinic [57] noted twenty patients bear- 
ing this entity in a series of 7,972 patients 
with pulmonary pathology. Novi (1955) col- 
lected two hundred cases from the literature; 
Hodges (1958) stated that about sixty more 
had been added. 

DEFINITION 

The term “hamartoma" is derived from the 
Greek word meaning “to err” and credit is 
accorded Albrecht [2] who, in 1904, origi- 
nated this term for an admixture of normal 
cells grouped together in a tumorlike mal- 
formation. Albrecht also utilized the term to 
describe cavernomas of the liver, spleen, and 
other organs. The term “hamartoma of the 
lung" has been used to define a group of 
tumors in which cartilaginous tissues are a 
characteristic though not predominant feature. 
These tumors are more specifically called 
“chondromatous hamartoma” as distinguished 
from “vascular hamartoma" (Thompson). 
According to Bragg and Levene [11L * rue 
hamartoma should always be distinguished 
from pure chondroma, but this point of view 
is not generally accepted. 

CLINICAL FEATURES 

There is no proved sexual prevalence. 
Necropsy findings reveal that hamartomas of 
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the lung occur or arc discovered more fre- 
quently in older individuals. 

There may be absence of symptoms, or such 
pulmonary complaints as cough, chest pain, 
etc., which are not typical of this entity. 

Any of the lobes may be involved, and the 
tumor may be located cither in the hilar or 
the peripheral region of the lung. 

There is nothing characteristic in the roent- 
genogram except, possibly, small calcifications 
scattered throughout a discrete, smooth-mar- 
gined, lobular mass (Hatl [41]), In eleven of 
the seventeen patients reported on by Lemon 
and Good 152] of the Mayo Clinic, evidence 
of calcification ot ossification was observed. 

Bronchoscopic examination is obviously 
useful in endobronchial localization of the 
tumor mass. 


TREATMENT 

The main difficulty lies in establishing a 
preoperative differential diagnosis and em- 
phasis is therefore focused upon the need for 
an exploratory thoracotomy. Excresrs of the 
tumor is generally easily done, resulting in 
a cure. The endobronchial type of tumor can 
he bronchoscopically eradicated. Resection 
ean be performed if necessary. 


Voscular Hamartoma (Hemangioma) 


Blood vessel tumors of the lung vary from 
simple benign hemangiomas discovered in- 
f 1 ental Jy at autopsy to complex cavernous 
emangiomas producing physiologic vascular 
isturbances as the result of inducing arteri- 
venous fistula. Such hemangiomas may on 
ccasion be malignant and produce distant 
metastases. 


The ifivmily ot types is responsible for a 
nomcncIature: hemangioma, capillary 
angioma, hemangioendothelioma, pul- 
pa* 1 '* khogiectasis, vascular hamartoma, 
rv-!T»! n0US ^matigioma, arteriovenous aneu- 
W arteriovenous fistula. 
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giomas develop invasive and malignant char- 
acteristics. 

Attention has lately been focused on the 
arteriovenous fistulas and reports of new cases 
have been added to the detailed review of 
fifty cases by Giampalmo [33]. The frequent 
hereditary and familial occurrence of arteri- 
ovenous fistulas has apparently been con- 
firmed, as has the concomitant occurrence of 
angiodysplasia of the skin and mucous mem- 
brane. Tomography, radiokymography, and 
angiocardiography arc helpful in the identifi- 
cation of arteriovenous fistula. 

TREATMENT 

Surgical resection is the only reliable treat- 
ment for pulmonary hemangiomas. The 
technics employed vary, depending upon the 
individual situation, from pneumonectomy 
(Hepburn and Dauphinec [44J; Goldman 
[34]), lobectomy (Bisgard, Burchell, and 
Clagctt; Botclho and Fleury da Silveira; 
D’Allaines), segmental resection (Makler and 
Zion [60]; Soulic), excision of the aneurysmal 
process (Brobeck, Ewing), vascular ligatures 
(Packard and Waring), ligatures and vascular 
sections (Watson), to combined operations 
(O'Neill) . Bilateral operations have been per- 
formed with success. Owing to the progression 
of certain cases of arteriovenous fistula, suc- 
cessive operations were performed, with final 
cure of the patient. 

PLEURAl MESOTHELIOMA 

Two varieties of pleural mesotheliomas 
have been described: (1) a diffuse and typ- 
ically malignant form, and (2) a circum- 
scribed localized form, sometimes of a 
predominantly fibrous nature. Clagett, Mc- 
Donald, and Schmidt [16] believe that “Local- 
ized fibrous mesothelioma must be sharply 
distinguished from diffuse malignant meso- 
thelioma." 

The nomenclature of the tumor, based on 
its morphology, is varied: endothelial car- 
cinoma (Wagner) , endothelial sarcoma 
(Podack), primitive pleuroma (Cornil), en- 
doepithclioma (Rabin), pleural endothelioma 
(Eppinger), mesothelioma (Adami), etc. 
Krumbein collected thirty different denomina- 
tions. 

Although Lieutaud, in 1776, first described 
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a tumor originating in the pleura, according 
to Heuer and Andrus [46] its existence was 
later refuted by Rokitansky (1843). Notwith- 
standing, Wagner (1870) recognized its pos- 
sible primary occurrence and it was he who 
coined the appellation “cndothclkrcbs.” 
Moore (1945) commented on the fact that 
many pathologists still believed the neoplasm 
to be a secondary tumor. The present ten- 
dency is to accept a primary origin, although 


Intratlioraclc Tumors 
Two instances of pleural mesothelioma, 
both in males, arc here added by the author 
(Figures 29-3 and 29-4). 

CLINICAL FEATURES 
As previously stated, two varieties of 
pleural mesothelioma arc commonly de- 
scribed: the diffuse and the circumscribed or 
localized. The former is the more common. In 
the typical diffuse type, there is marked pleural 



Fig 2P-3. Pleura! mesothelioma, (left) Photomicrograph showing polymorphic eetlj. (Right) Demonstrating 
invasion of the rib by tumor. 


some disagreement persists (Willis [58], 
Friedmann [31]). 

INCIDENCE OF PLEURAL MESOTHELIOMA 
Pleural mesothelioma is rather rare. The 
tumor may arise from the parietal or the 
visceral pleura. Only four pleural mesotheli- 
omas were encountered in 3,533 necropsies 
performed at Temple University. Sorenson 
encountered four cases in 5,800 necropsies. 
In an extensive review of the literature in 
1952, Rubinstein [77] collected 72 cases, in a 
total of 46,154 necropsies. In 1957, the 
Brazilian pathologists Tramujas and Artigas 
[84] reported a case of malignant pleural 
mesothelioma. 


thickening and the pleura appears as a dense 
white or grayish-white tissue, with multiple 
nodules and variable degrees of vasculariza- 
tion. The lung is encased. A serofibrinous or 
hemorrhagic effusion may exist. In the focal- 
ized type, the tumor may be massive and 
vascular, and a fibrous type is recognized. 
Pleural effusion sometimes occurs but is not 
considered a sign of special malignancy. In- 
vasion of the chest wall w , as seen m one of 
our cases. 

Chest pain is a dominant symptom in the 
diffuse type of pleural mesothelioma. The 
clinical course is variable. Some with very 
rapid courses have been reported (Bohrod 
19)). Heuer and Andrus [46] mentioned a 
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patient who succumbed two months after the 
first appearance of symptoms. However, there 
arc clinical histories of one or more years’ 
duration. 

In the circumscribed type of mesothelioma, 
symptoms arc also sometimes present for long 
periods and frequently are cxtrathoracic. 

Metastases, although rare, have been found 
in the lung, hilar or mediastinal nodes, dia- 
phragm, and peritoneum. Distant metastases 
have also been described. 


: Lung 

TREATMENT OF PLEURAL MESOTHELIOMA 
The treatment of pleural mesothelioma of 
the diffuse type is usually only palliative. De- 
compressive thoracotomies, with evacuation 
of the bloody fluid, bring relief of the pa- 
tient’s discomfort. 

The type of operation indicated in diffuse 
tumors, if ever feasible, is pleuropncumonec- 
tomy. The parietal pleura is usually adherent 
to the visceral pleura, at least in some places. 
The parietal pleura should very carefully be 
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cancer three years after the operation. 

In a case of Heuer and Andrus [46], with 
diaphragmatic invasion, the tumor mass and 
part of the diaphragm were removed. The 
patient recovered but the process recurred. 
Stout and Murray’s 182) patient was treated 
by pneumonectomy and postoperative roent- 
gen therapy for recurrence. He died from 
metastases twenty-six months after the opera- 
tion. 

Earland (23) maintains that the localized 


type of tumor presents a benign evolution and 
in consequence cxcrcsis of the tumor usually 
gives excellent results. 

Irradiation was used for palliation by 
Heuer and Andrus [46], Piatt [72], and Meyer, 
with somewhat varied results. 

In pleural effusions, intrapleural nitrogen 
mustard (20 to 30 mg.) or the intrapleural 
instillation of radioactive isotopes (radioactive 
gold, yttrium, or chromic phosphate, P w ) may 
help to control fluid accumulations. 



CHAPTER 30 


Treatment of Tumors of the Mediastinum 

John H. Eckel 
and 

William DeWitt Andrus 


The mediastinum normally contains many 
different types of tissues. In addition, in the 
embryologic development of the lungs and 
heart, the esophagus, and the diaphragm the 
possibility of misplaced rests is very great. 
It is therefore not surprising that a wide 
variety of tumors are encountered in this 
region. 

CLASSIFICATION OF MEDIASTINAL 
TUMORS 

Tumors of the mediastinum may be classi- 
fied as follows. 

I. Cysts 

1. Dermoid cysts and teratoma 

2. Bronchogenic (ciliated epithelial) 
cysts 

3 Pericardial cysts 

4. Cysts of endodermal and mesodermal 
origin 

a. Gastric cysts, enteric cysts, dupli- 
cations 

b. Esophageal cysts, duplications 

5 Cystic hygromas and lymphangiomas 

6. Echinococcus cysts 

II. Connective tissue and neurogenic tumors 

1. Lipoma 

2. Chondroma and chondromyxoma 

3. Xanthoma 

4. Fibroma and Hbroleiomyoma 

5. Neurofibroma and neurinoma 

6. Ganglioneuroma 

7. Neuroblastoma and sympathicoblas- 
toma (sympathicogonioma) 

8. Neuroepithelioma 

a Sarcoma of the mediastinum 


III. Primary tumors of the mediastinal lymph 

nodes 

1. Lymphosarcoma 

2. Hodgkin’s disease 

3. Endothelioma 

IV. Primary tumors of the thymus 

V. Carcinoma of the mediastinum 

In certain groups, such as lymphosarcoma 
or Hodgkin’s disease, surgery has little or 
nothing to ofTer except as a diagnostic aid, but 
in most of the other mediastinal neoplasms the 
operative results have become increasingly 
better. 

LOCATION OF TUMORS AND CYSTS 
OF THE MEDIASTINUM 

Schlumberger has listed the location of tu- 
mors and cysts of the midiastinum, arranged 
in the order of incidence and site of relative 
frequency, in Table 30-1. 

SYMPTOMS OF MEDIASTINAL TUMORS 

Tumors of the mediastinum, like intra- 
cranial neoplasms, give rise to symptoms more 
or less common to all types. Some tend to 
indicate the site and to a certain extent the 
type of tumor present. Among the former are 
included pain, cough, dyspnea, and cyanosis, 
while the special symptoms include those of 
pressure on certain vessels, nerves, or portions 
of the bronchial tree or esophagus. Thus, 
the history of Homer’s syndrome in a pa- 
tient with a demonstrable intrathoracic mass 
strongly suggests the presence of a tumor 
arising from the paravertebral chain — usually 
a ganglioneuroma or neurofibroma; and the 
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TABLE 30-1.— Tumors and Cysts or Mediastinum in Order or Incidence and 
Site of Relative Frequency 


Anterior 

mediastinum 

Superior 

mediastinum 

Middle 

mediastinum 

Posterior 

mediastinum 

Thyiroma 

Goiter 

Bronchogenic cyst 

Neurilemmoma 

Teratoma 

Bronchogenic cyst 

Lymphomas 

Neurofibroma 

Goiter 

Parathyroid adenoma 

Pericardial cyst 

Ganglioneuroma 

Parathyroid adenoma 

Myxoma 

Plasma cell myeloma 

Sympathicoblastoma 

Lymphomas 

Lymphomas 


Fibrosarcoma 

Lipoma 



Lymphomas 

Fibroma 



Goiter 

Lymphangioma 



Xanthofibroma 

Hemangioma 



Gastroenteric cyst 

Chondroma 



Chondroma 

Thymic cyst 



Myxoma 

Rhabdomyosarcoma 



Meningocele 




Paraganglioma 


Source: II. O. Schlumberger (SO), courtesy Armed Forces Institute of Pathology. 


expectoration of hair, which occurs on occa- 
sion, points to a dermoid cyst, which is com- 
rooniy found in the anterior or superior 
portion of the mediastinum. 

CYSTS OF THE MEDIASTINUM 

Dermoid Cyst and Teratoma 

These tumors are congenital and probably 
arise from rests or misplacements of branchio- 
gemc cells drawn into the thorax by the 
descent of the diaphragm and heart. They arc 
ound most frequently in the superior and 
anterior mediastinum in front of the great 
vessels, and often in contact with the peri- 
cardium, although they may assume other 
positions. (Figure 30-1). In a number of the 
reported cases the tumor apparently arose 
m connection with the thymus. 

slow growth, dermoid cysts and tera- 
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the diagnosis almost certain. If bone or teeth 
are present in the cyst, they may be visible 
in the x-ray. 

TREATMENT 

While the advisability of surgery in pa- 
tients without symptoms may seem debatable, 
these tumors, if untreated, eventually give 
rise to serious symptoms, and complications 
such as infection and subsequent rupture 
into a bronchus may occur and add to the 
hazard. The ideal procedure is complete ex- 
tirpation of the cyst, as this has given the 
highest percentage of cures and has been 
associated with the lowest mortality. 

The surgical attack on these tumors de- 
pends somewhat on their position and size 
and the presence or absence of infection. In 
the case of the relatively small cysts located in 
the anterior mediastinum, an anterior ap- 
proach through a T-incision (Figure 30-2) 
will often give adequate exposure, and if the 
cyst wall is not too adherent to the surround- 
ing structures, may permit its complete re- 
moval extrapleurally. For the larger cysts, a 
transpleural approach through a wide inter- 
costal incision, with rib resections as required 
for exposure, may be used. Trap-door in- 
cisions and longitudinal sternotomy are some- 
times suitable procedures. 

Cysts located high in the superior medias- 
tinum or tending to project from the superior 
thoracic aperture may be approached through 
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a goiter incision combined with high median 
sternotomy or resection of a portion of the 
manubrium. The occasional dermoid of the 
posterior mediastinum may be attacked from 
behind, often cxtraplcurally, after resection of 
the posterior ends of several ribs with or 
without removal of the corresponding trans- 
verse process. In the case of infected tumors. 


Intralhoraric Tumors 
The bronchogenic cyst is rounded or ovoid, 
most frequently adjacent and adherent to the 
carina. Its wall may be thin, fibrous, or carti- 
laginous, and may contain calcific deposits. It 
is lined with ciliated columnar or pseudo- 
stratified epithelium. Frequently, mucous 
glands are present. The contents vary from 
clear liquid to a thick mucoid or viscid mate- 



Fig. 30-1. Dermoid cyit of the mediastinum. 


it is necessary first to employ adequate anti- 
biotics preoperatively. The more solid tera- 
tomas may now be removed in one stage. 

Bronchogenic (Ciliated Epithelial) Cysts 

Simple cysts with ciliated epithelium have 
been found in the mediastinum. The etiology 
is not as yet fully understood, but it has been 
postulated that they arise as outbuds from the 
bronchial tree, as diverticula from the trachea, 
from the esophagus, or from the thymus, 
which is an cndodermal organ. 


rial. When these lesions become secondarily 
infected, the fluid content may be purulent, 
and rupture into the tracheobronchial tree 
often ensues. 

INCIDENCE 

Bronchogenic cysts with ciilated epithelium, 
although formerly considered rare, are now 
known to be one of the more common 
mediastinal tumors. We have observed four 
patients with ciliated epithelial cysts in a series 
of 74 cases of mediastinal tumors. Blades, in 
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1945, reported that 23 bronchogenic cysts 
had been removed at the various Army thor- 
acic centers over a period of three years 
during the Second World War. In all, he 
collected a series of 109 cases of mediastinal 
tumors operated upon at these centers. That 
this lesion was encountered so often is of 
Interest, because undoubtedly most patients 
with chest tumors were eliminated by routine 
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in 1949 reported a case of bronchogenic cyst 
in an infant eight months of age, and on 
surveying the literature collected 82 cases, 
only three of which were in infants. 

CLINICAL FEATURES 

Cysts of respiratory epithelium in the 
mediastinum are generally located near the 
major bronchi and occur predominantly on 



fig 30-2, Surgical approach fo the anterior mediastinum The height of the 
approach may be varied by resecting the second and cutting across the first 
on third costal cartilages. The extent of the exposure may be increased by 
ividmg more than one costal cartilage above and below the resected rib 
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the right side. The most common site is in the 
superior mediastinum at the bifurcation of the 
trachea, with extension between the trachea, 
vena cava, and esophagus. The cyst may be 
either anterior or posterior, more commonly 
the latter. It is rare that there is a lumen 
connecting the cyst with the trachea or 
bronchi. In none of the cases collected by 
Blades was there such a connection. 

Many of the cysts reported were discovered 
at autopsy since, because of their size and 
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a goiter incision combined with high median 
sternotomy or resection of a portion of the 
manubrium. The occasional dermoid of the 
posterior mediastinum may be attacked from 
behind, often cxtraplcurally, after resection of 
the posterior ends of several ribs with or 
without removal of the corresponding trans- 
verse process. In the ease of infected tumors, 


Intrathoradc Tumors 
The bronchogenic cyst is rounded or ovoid, 
most frequently adjacent and adherent to the 
carina. Its wall may be thin, fibrous, or carti- 
laginous, nnd may contain calcific deposits. It 
is lined with ciliated columnar or pseudo- 
stratified epithelium. Frequently, mucous 
glands arc present. The contents vary from 
clear liquid to a thick mucoid or viscid mate- 



Fig. 30-1 Dermoid «y*t of the mediastinum. 


it is necessary first to employ adequate anti- 
biotics preopera lively. The more solid tera- 
tomas may now be removed in one stage. 

Bronchogenic (Ciliated Epithelial) Cysts 

Simple cysts with ciliated epithelium have 
been found in the mediastinum. The etiology 
is not as yet fully understood, but it has been 
postulated that they arise as outbuds from the 
bronchial tree, as diverticula from the trachea, 
from the esophagus, or from the thymus, 
which is an endodermal organ. 


rial. When these lesions become secondarily 
infected, the fluid content may be purulent, 
and rupture into the tracheobronchial tree 
often ensues. 

INCIDENCE 

Bronchogenic cysts with dilated epithelium, 
although formerly considered rare, are now 
known to be one of the more common 
mediastinal tumors. We have observed four 
patients with ciliated epithelial cysts in a series 
of 74 cases of mediastinal tumors. Blades, in 
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Treatment of Tumors or the Mediastinum 
cations have a two-Iaycrcd muscular wall 
resembling the esophagus, and the mucosa 
may be esophageal, gastric, or a combination 
of both. There is an intimate attachment to 
the esophagus. The symptoms caused by this 
lesion are those of an expanding mediastinal 
mass as well as those of peptic ulceration. 
Cough, dyspnea, cyanosis, pneumonitis, dys- 
phagia, regurgitation, hematemesis, and hem- 
optysis may occur. 

Cystic Hygromas and lymphangiomas 

Although cervical cystic hygroma is a well- 
recognized entity, ccrvicomediastinal and in- 
trathoracic hygroma without involvement of 
the neck is uncommon. Gross and Hurwitt 
[18] in 1948 found only nineteen cases of 
cervicomediastmal hygroma reported in the 
literature and added two cases of their own. 
Sanes, MacManus, and Scatchard [47] were 
able to find only eight cases of mediastinal 
cystic hygroma reported to 1945 and added 
one case; Gross and Hurwitt reported an ad- 
ditional case. 


diagnosis 

Mediastinal hygroma is demonstrable by 
x-ray but cannot be differentiated preoper- 
atively from pericardial, bronchial, or dermoid 
cysts, teratomas, thymomas, or esophageal 
“plications. Ccrvicomediastinal hygromas are 
rea ily recognized by the cystic mass in the 
f ec and ky the demonstration of the pro- 
onged mediastinal shadow by x-ray. The 
cervical portion of the hygroma is usually 
apparent at birth. 


treatment 
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tumors of the mediastinum, is subject to in- 
fection and may produce pressure symptoms, 
thoracotomy and excision of the lesion should 
be carried out as soon as it is recognized. 

Echinococcus Cysts 

Echinococcus cysts of the mediastinum 
(Figure 30-3) arc distinctly rare, even as com- 
pared with those of the lungs and pleura. The 
diagnosis rests upon the presence of echino- 
coccus disease elsewhere in the body or the 
finding of characteristic scolices, hooklets, or 
part of the cyst membrane in the sputum. 
Eosinophilia, if present, is suggestive, but is 
more often equivocal in intrathoracic hydatids 
than in those of the liver. The Cassoni skm 
test is also of aid if positive, but the reaction 
fails to appear in about 10 per cent of the 
cases. 

An interesting group of cases arc the 
echinococcus cysts of the spine, which may 
have an hour-glass form causing compression 
symptoms with reference to the spinal cord, 
and present paravertebral extension into the 
mediastinum. 

TREATMENT 

Aspiration of intrathoracic echinococcus 
cysts is a dangerous procedure. A survey of 
the reported cases indicates that complete ex- 
tirpation of the intact cyst or evacuation fol- 
lowed by removal of the cyst wall is the 
procedure of choice. 

CONNECTIVE TISSUE AND 
NEUROGENIC TUMORS 

These tumors of the mediastinum include 
the pure fibromas, as well as others in which 
fibrous tissue is only one element m a more 
or less complex type of tumor containing 
other tissues of mesodermal origin, as for 
example the fibroleiomyomas, or of ectoder- 
mal derivation, such as the neurofibromas or 
ganglioneuromas. Chondromas or chondro- 
myxomas are even more frequently encoun- 
tered, while lipomas and the rarer xanthomas 
also occur in this region. 

lipoma 

Approximately forty-five cases of lipoma 
involving the mediastinum have been reported 
in the literature. These may be conveniently 
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location, they cause no symptoms. Others, 
owing to their origin close to the air pass- 
ages, produce symptoms of pressure on these 
structures or on the esophagus or great ves- 
sels. 

DIAGNOSIS 

Establishing the diagnosis is not always 
possible before operation. Differentiation from 
the more common dermoid cyst is sometimes 
suggested when the x-ray shows a rounded 
mass just above the hilus intimately asso- 
ciated with the tracheobronchial tree, most 
frequently at the carina. On fluoroscopy, 
bronchogenic cysts frequently move with de- 
glutition, whereas pericardial cysts move with 
the cardiac pulsation. Angiocardiography, 
kymography, and laminagraphy help to ex- 
clude aortic aneurysm and intrapulmonary 
lesions. 

TREATMENT 

Although some of these cysts cause no 
symptoms, operation is advisable because 
many tend to increase in size and thereby 
compress the surrounding mediastinal and 
pulmonary structures, and some ultimately 
become infected, with serious consequences. 
The procedure of choice is total excision. 
Antibiotics should be started preoperatively 
if there is evidence of infection. 

Pericardial Cysts 

Pericardial cysts are thin-walled, lined 
with mesothelium, contain clear fluid, and are 
usually unilocular. They are most commonly 
found in the cardiophremc angle adjacent to 
the pericardium, the diaphragm, and the an- 
terior chest wall. There is no firm attachment 
to surrounding structures. They are readily 
demonstrable on chest x-ray as round or oval 
outlines of uniform density On fluoroscopy, 
the contour mav change on respiration, and 
not infrequently they are seen to move with 
the cardiac pulsation 

The treatment is total excision. 

Cysts of Endodermal and Mesodermal 
Origin 

These tumors would appear to have arisen 
from cells displaced during the development 
of the upper gastrointestinal tract, lungs, and 


Intratboraric Tumors 
bronchi, and have thus come to contain such 
tissues as ciliated epithelium, mucous glands, 
cartilage, or gastric mucosa. They are usually 
thin-walled and contain clear, milky, or 
opalescent and rather viscid fluid. Differentia- 
tion from the dermoid cysts has not been 
possible before operation or aspiration, and, 
indeed, the distinction rests on histologic 
rather than on clinical grounds. 

They may be treated by extirpation. 

GASTRIC AND ENTERIC CYSTS 
AND DUPLICATIONS 

These cysts characteristically have linings 
similar to that of any portion of the gastroin- 
testinal tract, and are situated in the posterior 
mediastinum at the root of the lungs. They 
are adherent to mediastinal structures and the 
lungs, and may be adherent to or even ex- 
tend below the diaphragm. Davis and Salkin 
(1 1] in 1947 found twenty-five cases of gastric 
cyst reported in the literature; of these, eigh- 
teen had only gastric mucosa, while seven had 
gastric and esophageal mucosa. Eighteen 
of the cases presented on the right side. 
Symptoms— commonly dyspnea, cyanosis, 
cough, hematemesis, hemoptysis, dysphagia, 
and regurgitation — may be severe and are 
due to pressure on mediastinal structures or 
to ulceration of the mucosa. 

Davis and Barnes 112] reported a case of 
intrathoracic duplication of the jejunum. The 
patient, a five-year-old female child, was ad- 
mitted to the New York Hospital on several 
occasions because of tarry stools. At operation 
a large intrathoracic duplication was found to 
extend from the proximal jejunum through 
the diaphragm to occupy the posterior medi- 
astinum. The duplication was removed 
through both a thoracic and an abdominal 
incision. In surveying the literature, these 
authors found that six other cases of this 
condition of the alimentary tract communi- 
cating with the small intestine had been re- 
ported up to 1952. 

ESOPHAGEAL CYSTS AND DUPLICATIONS 
Esophageal duplications are cystic struc- 
tures of variable size with thick walls and a 
membranous lining. They arise in the poste- 
rior mediastinum and expand into the right 
or left hemithorax. Histologically the dupli- 
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Chondroma, Chondromyxcma, 
Chondromyxosarcoma 

It is necessary to use these names in designa- 
ting these tumors for they usually contain 
myxomatous as well as chondromatous ele- 
ments, and are very likely to undergo malig- 
nant change. Such tumors, most frequently 
arising from the costal cartilages and ad- 
jacent ribs, may also originate in the sternum 
or from the vertebral column and project into 
the mediastinum. More common m adults 
than in children, they usually appear as cir- 
cumscribed, sharply demarcated, and often 
nodular tumors and arc not invasive unless 
malignant. In size they may reach the dimen- 
sions of a child’s head, and their consistency 
depends upon whether the chief component 
is cartilage or the softer or even semifluid 
myxomatous tissue. Mctastases in the lungs 
may develop in the later stages of the malig- 
nant tumor. 


diagnosis 

These tumors are of slow growth and pain 
is an early and often the only symptom. The 
location, type, and severity of the pain vary 
with the site of the tumor. When the growth 
arises from the costal cartilages or ribs, an 
external mass may be noted by the patient, 
sometimes before any pain or other symptom. 
°ugh and dyspnea are rarer and later symp- 
oms, but may Increase in severity as the 
, U mor Stows. With the large tumors, evi- 
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furnish a musculocutaneous flap that will be 
of aid in closing the defect. Paralysis of a 
hemidiaphragm, by interrupting the phrenic 
fibers, is rarely indicated in attacking 
mediastinal neoplasms. 

Xanthoma 

It appears that only a very few cases of 
mediastinal tumor diagnosed as xanthoma on 
pathologic examination have been reported. 
These are benign tumors and amenable to 
operative removal. In one of the reported 
cases pleural effusion was present 

fihroma 

Pure fibromas are rare in the mediastinum, 
most of the reported tumors containing other 
connective tissue elements as well. They are 
often adherent to the mediastinal structures 
or to the pleura or diaphragm, are well en- 
capsulated and, like fibromas elsewhere, are 
of variable consistency. The symptoms and 
signs arc those common to other tumors of 
the region. Positive diagnosis has been pos- 
sible only at operation or autopsy 

TREATMENT 

Surgical resection is indicated if possible, 
since in a group of eighteen reported pa- 
tients thirteen died who were not operated 
upon, wltr/c all the five subjected to surgical 
excisions recovered. 

Neurogenic Tumors of the Mediastinum 

In our series of seventy-four patients with 
primary mediastinal tumors treated at the 
New York Hospital, twenty-three of the 
tumors were neurogenic in origin: of these, 
seventeen were benign and six were malignant. 
The seventeen benign tumors were classified 
as follows: five ganglioneuromas, six neuri- 
lemmomas, five neurofibromas, and one 
neurogenic tumor of undetermined type. 
Treatment consisted of total excision in twelve 
cases. There were no complications and there 
was no mortality. The six malignant tumors 
were classified as follows: three neuroblasto- 
mas, one neurogenic fibrosarcoma; one neu- 
roxanthoma, one glioblastoma multiforme. 
Three of these were hourglass tumors. 

Blades reported twenty-nine cases of benign 
neurogenic tumors of the mediastinum, in- 
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Intrathoracic Tumors 


divided into three groups: (1) n group, com- 
prising about two thirds of the total number, 
in which the tumor is entirely intrathoracic; 
(2) a group in which the tumor is roughly 
dumbbell in shape, the intrathoracic and cx- 
trathoracic portions being connected by a 
narrow isthmus that traverses an aperture in 


catcd outline and with its central portion denser 
than the periphery should make one consider 
lipoma as a possible diagnosis. When such a 
shadow is present within the thorax beneath 
an external tumor in the chest wall or neck, 
with the physical findings of a lipoma, the 
diagnosis is suggested. 



Fig. 30-3. Echinoeoccu* cy»t of the mediastinum. 


the thoracic wall; (3) a group in which a 
mediastinal tumor extends upward into the 
neck. 

Because of their slow growth and soft con- 
sistency, these tumors are often slow to pro- 
duce pressure symptoms and they may grow 
to considerable size, in one case (Leopold’s) 
weighing 17.5 pounds. 

DIAGNOSIS 

The diagnosis of intrathoracic lipoma has 
seldom been made before operation or nec- 
ropsy, but the presence in the roentgenogram 
of an intrathoracic shadow of clearly demar- 


TREATMENT 

Extirpation of these tumors, regardless of 
their size, should be carried out. 

In a series of twenty-five cases reported in 
the literature, the outcome was as follows: of 
twelve patients in whom the tumor was only 
partly intrathoracic (an external tumor was 
also present), eleven were operated upon and 
one died untreated; seven of the eleven were 
cured, while four died. The tumor was entirely 
intrathoracic in thirteen and ten of these died 
untreated, while the three in whom the tumor 
was removed were cured. 
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Chondroma, Chondromyxoma, 
Chondromyxosarcoma 
It is necessary to use these names in designa- 
ting these tumors for they usually contain 
myxomatous as veil as chondromatous de- 
ments, and are very likely to undergo malig- 
nant change. Such tumors, most frequently 
arising from the costal cartilages and ad- 
jacent ribs, may also originate in the sternum 
or from the vertebral column and project into 
the mediastinum. More common in adults 
than in children, they usually appear as cir- 
cumscribed, sharply demarcated, and often 
nodular tumors and are not invasive unless 
malignant. In size they may reach the dimen- 
sions of a child’s head, and their consistency 
depends upon whether the chief component 
is cartilage or the softer or even semifluid 
myxomatous tissue. Metastascs in the lungs 
may develop in the later stages of the malig- 
nant tumor. 


DIAGNOSIS 

These tumors are of slow growth and pain 
is an early and often the only symptom. The 
location, type, and severity of the pain vary 
with the site of the tumor. When the growth 
arises from the costal cartilages or ribs, an 
external mass may be noted by the patient, 
sometimes before any pain or other symptom, 
ough and dyspnea are rarer and later symp- 
oms, but may increase in severity as the 
tumor grows. With the large tumors, evi- 
ences of mediastinal pressure such as suffu- 
sion of the face, cyanosis and vascular 
en gorgement, hoarseness, dysphagia, or the 
'■ ns 0 P res sure on the sympathetic chain 
) c present. The roentgenogram shows a 
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furnish a musculocutaneous flap that will be 
of aid in closing the defect. Paralysis of a 
hemidiaphragm, by interrupting the phrenic 
fibers, is rarely indicated in attacking 
mediastinal neoplasms. 

Xanthoma 

It appears that only a very few cases of 
mediastinal tumor diagnosed as xanthoma on 
pathologic examination have been reported 
These arc benign tumors and amenable to 
operatise removal. In one of the reported 
cases pleural effusion was present. 

Fibroma 

Pure fibromas arc rare in the mediastinum, 
most of the reported tumors containing other 
connective tissue elements as well. They are 
often adherent to the mediastinal structures 
or to the pleura or diaphragm, arc well en- 
capsulated and, like fibromas elsewhere, are 
of variable consistency. The symptoms and 
signs arc those common to other tumors of 
the region. Positive diagnosis has been pos- 
sible only at operation or autopsy. 

TREATMENT 

Surgical resection is indicated if possible, 
since in a group of eighteen reported pa- 
tients thirteen died who were not operated 
upon, while all the five subjected to surgical 
excisions recovered. 

Neurogenic Tumors of the Mediastinum 

In our series of seventy-four patients with 
primary mediastinal tumors treated at the 
New York Hospital, tw’cnty-threc of the 
tumors were neurogenic in origin: of these, 
seventeen were benign and six were malignant. 
The seventeen benign tumors were classified 
as follows: five ganglioneuromas, six neuri- 
lemmomas, five neurofibromas, and one 
neurogenic tumor of undetermined type. 
Treatment consisted of total excision in twelve 
cases. There were no complications and there 
was no mortality. The six malignant tumors 
were classified ns follow’s: three neuroblasto- 
mas, one neurogenic fibrosarcoma; one ncu- 
roxanthoma, one glioblastoma multiforme. 
Three of these were hourglass tumors. 

Blades reported twenty-nine cases of benign 
neurogenic tumors of the mediastinum, in- 
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eluding ganglioneuromas, neurofibromas, sym- 
pathicoblastomas, that were removed suc- 
cessfully at Army Thoracic Surgery Centers 
in the United States during a three-year 
period. 

Neoplasms of neurogenic origin arc the 
most common posterior mediastinal tumors. 
In 1944, Kent, Blades, Valle, and Graham 
[31] collected 105 instances from the litcra- 


Jnfrathoraclc Tumors 
the literature and added thirty-three cases 
seen at the Barnes Hospital between 1944 and 
1950. Godwin, Watson, Pool, Cahan, and 
Nardiello [16] in 1950 reported on twenty- 
four additional eases from the pathology 
laboratories and the Thoracic Surgical Service 
of Memorial Hospital (New York). It is ap- 
parent that neurogenic tumors of the medias- 
tinum arc common. 



Fig 30-4. Myxoneurofibroma of the mediastinum 


ture and reported twenty-one additional cases 
of neurogenic tumors from the Barnes Hos- 
pital. They noted that 37 per cent of the 
reported primary nerve tumors had undergone 
malignant changes. It is therefore apparent 
that surgical excision should be carried out as 
soon as the growth is recognized. Roentgen 
therapy is without benefit in both benign and 
malignant mediastinal tumors of neurogenic 
origin. Since Kent’s series, Ackerman has 
found an additional fifty-six cases reported in 


NEUROFIBROMA, NEURINOMA, 
NEURILEMMOMA 

Arising from the sheaths of the thoracic 
nerves or the paravertebral sympathetic chain, 
these tumors are usually found in the posterior 
mediastinum. (Figure 30-4) . The clinical fea- 
tures are similar to those of ordinary fibroma, 
but pain, tending to radiate along the course 
of the intercostal nerves, is an early and promi- 
nent symptom. Composed of fibrous tissue 
and cells derived from the neurilemma, they 
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may also contain nerve fibers as well as some 
of the more primitive connective tissue ele- 
ments such as myxomatous tissue. When such 
tumors arise in the intervertebral foramina, 
they may extend into the spinal canal as well 
as into the thorax, giving rise to hourglass 
tumors, and often causing symptoms of com- 
pression of the spinal cord. Laminectomy as 
well as thoracotomy may be required for 
their removal. 

In the case of neurofibromas of the inter- 
costal nerves, some erosion of the ribs im- 
mediately above and below the site of origin 
of the tumor may be evident in the x-ray 
picture, which otherwise simulates closely 
that of ordinary fibroma. 

The treatment is surgical excision and the 
prognosis is good, provided operation is 
undertaken before the tumor has attained 
great size or has undergone malignant changes. 

GANGLIONEUROMA 

More than one hundred such tumors have 
been reported, and we have had five in our 
series. They are being recognized more often 
in children. Grossly they appear as firm, 
tabulated tumors of varying size, up to 10 cm. 
in diameter. Microscopically they are com- 
posed of a reticular network containing 
numerous multipolar ganglion celts. 

The symptoms are those of intrathoracic 

bromas, but when Homer’s syndrome ap- 
pears early or is the initial symptom, a 
ganglioneuroma should always be suspected. 

hese tumors can be removed surgically, 
w 1C is the only treatment for this neo- 
plasm. 


KVU R n 0BLAST °MA 

(SYMPATHICOBLASTOMA) 

More rarely found in the mediastinum are 
tiimr eUr ° bIas(0mas or sympathicoblastomas, 
stated W l! 0Se Cells re P resent the primitive 
nervJ n lhe deVe,0 P m ent of the sympathetic 
tumor^ .f ystem * the other neurogenic 
erowm’r. • Cy may assume an hourglass shape, 
the meri mt ° the Spmal canal as wel1 as into 

ine mediastinum. 

neuroepithelioma 

of this rare tumor composed 
primitive spongioblasts has been reported 


as occurring in the mediastinum. The patient, 
a woman twenty-three years of age, was oper- 
ated upon by Sauerbruch and the tumor suc- 
cessfully removed. 

TREATMENT OF NEUROGENIC TUMORS 
OF THE MEDIASTINUM 

The treatment of mediastinal tumors of 
neurogenic origin is surgical removal. The 



tumors This approach may be used with or without 
resection of o considerable portion of one rib, and the 
exposure increased by dividing the costal cartilage or 
posterior ends of the ribs above and below the incision 
The height of the exposure can be varied with the rib 
or intercostal space chosen. 


transpleural approach gives the best exposure 
in removing tumors of this type (Figure 
30 - 5 ). 


Sarcomas of the Mediastinum 

Under this heading are grouped those cases 
of malignant connective tissue tumors that in- 
clude such types as fibrosarcoma, liposarcoma, 
myxosarcoma, etc. Whereas in some the proc- 
ess begins as a true sarcoma, in many it is the 
result of malignant degeneration of a benign 
tumor, and this fact must be borne in mind in 
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considering the treatment of apparently be- 
nign mediastinal neoplasms. 

PRIMARY TUMORS OF THE MEDIAS- 
TINAL LYMPH NODES 

The mediastinal lymph nodes may be the 
site of several varieties of primary neoplasms. 
Those most important from the surgical stand- 
point are lymphosarcoma, Hodgkin’s disease, 
and endothelioma of the lymph nodes. Surgery 
has little to oiler in these conditions, but a 
knowledge of their diagnostic features is of 
great importance with regard to differential 
diagnosis. Interstitial irradiation applied at the 
time of thoracotomy is of great value in treat- 
ing these lymphomatous masses, and bound- 
ing the mass with silver clips outlines the 
target for externally administered irradition. 
(See Vol. IX for a discussion of the lympho- 
mas.) 

Lymphosarcoma 

This is the most common type of neoplasm 
encountered in the mediastinum, constituting 
as high as 50 per cent of some scries. It occurs 
most frequently between the ages of thirty and 
fifty years and predominantly in males (two to 
one). Because the condition may arise in the 
thorax and extend to the nodes of the neck, 
or vice versa, enlargement of the cervical 
nodes is often evident. Cough is usually dry 
or frothy expectoration, but hemoptysis is not 
uncommon. Low-grade fever, below 100° F., 
is the rule even in the absence of complica- 
tions. 

DIAGNOSIS 

The roentgenogram shows an irregular 
widening of the mediastinal shadow, par- 
ticularly in its supracardiac portion. Lympho- 
sarcomas of this region are usually sensitive 
to irradiation, and the decrease in size noted 
after controlled dosage of x-rays may be very 
useful in differentiating them from the rela- 
tively more radioresistant benign tumors, 
endotheliomas, and carcinomas. 

TREATMENT 

Irradiation is the treatment of choice, and 
great relief of symptoms may follow tempo- 
rarily but recrudescence appears and the 
effectiveness of irradiation diminishes with 
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successive treatments. The use of the nitrogen 
mustards in such patients may give relief. 

Hodgkin's Disease 

This disease must be considered with 
mediastinal tumors from the standpoint of 
differential diagnosis since it often causes 
similar symptoms. While certain prodromal 
symptoms such as itching or eczematous erup- 
tions may be present, enlargement of the 
lymph nodes constitutes the initial symptom 
in 50 to 80 per cent of the patients (Figures 
30-6 and 30-7). Beginning most commonly 
in the cervical nodes, the disease may spread 
to involve those of the mediastinum or, more 
rarely, the mediastinal nodes may be the 
primary site. The enlarged mediastinal nodes 
may remain discrete or they may fuse into a 
more or less solid mass encircling the great 
vessels or the air passages. The superior vena 
caval syndrome of obstruction occasionally 
occurs. The lungs, pleura, pericardium, 
cardiac muscles, or liver may be secondarily 
invaded. 

DIAGNOSIS 

On the basis of symptoms and physical 
signs alone, Hodgkin’s disease cannot be dis- 
tinguished from lymphosarcoma, and the diag- 
nosis rests largely on histologic examination 
of excised tissue, and even then differentiation 
may be extremely difficult. Differentiatiou is 
not entirely necessary as both are usually 
radiosensitive to a certain degree. In both, 
however, recurrence commonly follows, and 
while life may be prolonged, cures are seldom 
obtained. 

Endothelioma 

Endothelioma primary in the mediastinal 
nodes is rare, these nodes being more often 
involved in the spread of pleural endothelioma. 
Differential diagnosis can be made only on 
microscopic examination. 

PRIMARY TUMORS OF THE THYMUS 

Benign tumors such as cysts, cystic lym- 
phangiomas, lipomas, and the very rare con- 
genital myxoma may occur in the thymus, 
but many of the reported primary thymic 
tumors have been malignant (see Chap. 31). 
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fig. 30-6 HodgVin'j disease before Irradiation. 
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CARCINOMA OF THE MEDIASTINUM 

Under this heading is included a rather 
heterogeneous group of primary and second- 
ary malignant tumors. Some of the former 
may arise from unrecognized dermoids or 
from the reticulum of the thymus, but in 
others the origin is uncertain. The secondary’ 
tumors result from extension of bronchogenic 
carcinomas or from met3stascs from malig- 
nant tumors of the breast, esophagus, or more 
distant organs. In the case of cancer primary 
in the mediastinum or extending into this 
region from primary carcinomas in the im- 
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mediate vicinity, signs and symptoms of com- 
pression of the mediastinal organs are more 
likely to occur than is the case with metastases 
from a distant focus, as in the latter instance 
the lungs and other structures are commonly 
so extensively involved that the patient suc- 
cumbs before the mediastinal metastases reach 
large proportions. 

In the absence of a recognizable primary 
carcinoma elsewhere or of superficial nodes 
that can be excised for study, the diagnosis 
can only be made after exploration or at 
autopsy. 



CHAPTER 31 


Treatment of Tumors of the Thymus 


0. T/ieron Clagett 
and 

John R. McDonald 


The thymus in man develops from the third 
branchial clefts on both sides; the two out- 
growths come into contact in the mid-line 
in front of the trachea and the organ descends 
into the thorax to spread out as a bilobed 
gland over the upper part of the pericardium. 
The thymus consists of lobules bound to- 
gether by connective tissue, made up of an 
outer cortex of closely packed thymocytes 
or lymphocytes and a medulla consisting of 
large epithelial cells. Hassall’s corpuscles are 
ound in the medulla of the normal thymus 
and consist of a hyaline center surrounded 
y layers of flattened cells with poorly stain- 
ing nuclei. Hammar has expressed the belief 
, at tbe thymus is an ectodermal structure 
at later is invaded by lymphocytes derived 
mm the mesoderm. Certainly the small 
Ce " S are indistinguishable histo- 
J? call y from lymphocytes. The thymus con- 
lhpn eS (0 , en,ar 8 e until the age of puberty, 
bin n ? adUally . bec °mes smaller and atrophic 
emhrv!T r - ent ^ ely dlsa PP ear s- Although the 
tionZiih^ ° r 'S ln of the thymus in associa- 
e i empn , V hyroid § land ’ its epithelial cell 
mg growth", ChangeS U under 8 0es dur- 
t'on witi, h d develo P ment and in associa- 

roichsm and AL dlSe “'!, ( ™ h aS h yP er,h y- 
the thvm l dlSOn s disease ) suggests that 
> Stem Tn Sh0Uld bel °"S *° endocrine 
any D » rnrt aS never been Proved that it has 

r emove/fro m ° r th fUnClion ' The gland can be 
Out detert.M , ex P enme ntal animal with- 
ment, or function 6131 ' 0 " 8rowth ’ develo P* 

in^I *1?“™ gland was so narae d by Galen 
n century a d , because of its 


likeness to a bunch of thymic flowers. From 
the time of Galen to the present, the thymus 
has remained an enigma. An editorial has 
described the situation very well when in a 
discussion of this organ it was stated, “En- 
docrinologists have wooed it in vain. Physiol- 
ogists and pathologists have drawn away from 
it baffled Not even the anatomists or the 
histologists have spoken of it with their cus- 
tomary precision, for we are still uncertain 
whether it has any real existence in the 
normal adult, and whether the main cells of 
its medulla are to be regarded as epithelial 
or endothelial” [5]. 

CLASSIFICATION OF 
THYMIC TUMORS 

Tumors of the thymus have presented as 
much of an enigma as the normal gland itself, 
as evidenced by Ewing’s statement in 1916 
that “no group of tumors has more success- 
fully resisted attempts at interpretation and 
classification than those of the thymus.” 
Among the names applied to these tumors 
are thymoma, malignant thymoma, thymic 
epithelioma, carcinoma, perithelioma, lymph- 
osarcoma, thymoma (lymphosarcoma type), 
and benign lymphocytic thymoma. 

A thymoma is defined as a slowly growing 
tumor of the thymus that has arisen from 
both the epithelial (reticulum) and thymo- 
cytic elements of the thymic parenchyma. 
Typical Hassall’s corpuscles are absent in most 
thymomas. Features common to thymomas are 
a dense fibrous capsule; distinct fibrous 
trabeculae; the palisading of epithelial cells 
about cystic spaces, about blood vessels, and 
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about fibrous trabcculations; foci of necrosis 
or cyst formation and of calcification; but a 
number of tumors lack one or more of these 
features. All, however, contain the thymic 
lymphocyte or thymocyte and the thymic 
epithelial cell in varying proportions. 

The association of thymic tumors with 
myasthenia gravis has been confirmed by 
many observers since it was first reported 
by Weigert in 1901. In our series of three 
hundred eases of myasthenia gravis observed 
since 1941, thymic tumors occurred in 15 per 
cent. In a group of forty-five thymic tumors 
observed, myasthenia gravis was present in 
thirty-four, or 75.6 per cent. It is impossible 
to dismiss this frequent association of a rare 
tumor with a relatively rare disease as simple 
coincidence. It is generally agreed that 
changes in the thymus gland arc the most 
conspicuous and constant anatomic changes 
in the patient with myasthenia gravis. Never- 
theless, all efforts to prove this association 
beyond doubt or to influence the course of 
myasthenia gravis by removal of a thymic 
tumor or a thymus without tumor have failed. 
Our experience indicates that in those eases 
in which myasthenia gravis and thymic tumors 
coexist there is no definite relationship be- 
tween the appearance of the thymic tumor 
and the development of symptoms of myas- 
thenia gravis. In some cases a thymic tumor 
was present for several years before the 
development of myasthenia gravis; in others 
the thymic tumor apparently appeared long 
after myasthenia gravis had developed. All 
efforts to extract a curare-hke substance from 
thymic tumors have failed. Even though we 
remain convinced that there is some obscure 
connection between the thymus and myas- 
thenia gravis, it must be admitted for the 
present at least that a direct causal relation- 
ship is highly unlikely. 

Much of the confusion that has existed 
regarding the classification of thymic tumors 
has resulted from the inclusion, by a num- 
ber of authors, of tumors that were not 
primary in the thymus, such as small-cell 
carcinoma of the lung with extensive medias- 
tinal involvement, malignant teratomas of the 
mediastinum, and lymphomas. It must be 
recognized that the thymus is made up of two 
types of cells: epithelial cells and thymocytes 
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or lymphocytes. Tumors of the thymus con- 
tain both dements but the relative proportion 
of these cells varies greatly from tumor to 
tumor and often from place to place in the 
same tumor. Tumors in which the epithelial 
cells predominate arc likely to be diagnosed 
as carcinomas or epitheliomas, whereas those 
in which the lymphocytic elements outnumber 
the epithelial elements arc apt to be con- 
sidered as lymphoblastomas or lymphosar- 
comas. 

CLINICAL FEATURES 

Thymic tumors arc slow-growing and may 
be present for years without producing symp- 
toms. They do not metastasize. Their clinical 
course in no way resembles that of a carci- 
noma or lymphoblastoma. If a thymic tumor 
is completely removed there is no danger of 
recurrence. Finally, thymic tumors do not 
respond as well to deep roentgen therapy as 
do lymphoblastomas. 

At the Mayo Clinic during the period 1935 
through 1949 forty-five patients with tumors 
that were classified as thymomas based 
on tissue obtained by surgical operation or 
post-mortem examination were observed. 
In thirty-four, or 75.6 per cent, the patient 
with a thymic tumor had myasthenia gravis. 
The youngest patient was sixteen years of age, 
the oldest sixty-eight. The average age of 
all patients in the series was about forty-four 
years. There were twenty-eight females and 
seventeen males. Symptoms that might be 
ascribed to the presence of a thymic tum° r 
were remarkably few. There was no evidence 
of obstruction of the trachea or bronchi, 
and in only three cases were there signs of 
superior vena caval obstruction. Pain in 
the chest, probably due to involvement of 
parietal pleura by the tumor, occurred in 
eight patients. Since complete surgical re- 
moval of the thymic tumor was possible in 
only three of eight patients who had experi- 
enced pain in the thorax, the presence of this 
symptom must be viewed with concern. 

ROENTGENOLOGIC ASPECTS 

There are no features in the roentgeno- 
logic appearance of thymic tumors to dis- 
tinguish them from other tumors that can 
occur m the anterior mediastinum. However, 
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in only two instances in the authors' experi- 
ence have thymic tumors occurred elsewhere 
than in the anterior mediastinum. In one 
patient a thymic tumor was found lying pos- 
terior to the superior vena cava in the mid- 
mediastinum; in another the thymic tumor 
was found in the parenchyma of the right 
lung (Figure 31-1). Castlcman and Norris 
have noted that thymomas can develop in 
ectopic situations and mention one case in 
which a thymic tumor was found on the 
anterior surface of the left bronchus. They 
express the belief that ectopic situations of 
ymic tissue can be readily explained em- 
ryo ogically. Most thymomas are located 
m the anterior mediastinum anterior to the 
? rc of the aorta but they may occur at a 
ov,er level and even approach the diaphragm, 
ymic tumors are usually round or oval 


and rather sharply circumscribed but may 
be flattened over the pericardium (Figure 
31-2). Sufficient calcium to be apparent 
roentgcnologically was present in thirteen 
of forty-five tumors in our series. It was 
usually in the periphery of the tumor but in 
some instances was distributed throughout 
the tumor. The presence of calcium in a 
thymoma does not mean that the tumor is 
completely benign. In several cases in which 
calcification had been noted roentgenologic- 
ally, operation disclosed an inoperable in- 
vading type of tumor. 

All patients known to have or suspected 
of having myasthenia gravis should have a 
very thorough roentgenologic investigation 
with posteroantcrior and lateral roentgeno- 
grams and roentgenoscopy. Furthermore, all 
patients with myasthenia gravis should be 
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Fig. 31-3. Roentgenographle oppearanc# of Ihymoma In the poiltroonltrior view. o. Thymoma projecting Into the 
right lid* of the thorn*, b. Thymic tumor projecting Into th# fe/t tide of the thorn*, r. targe thymic tumor projecting 
into the left tide of the thora*. 


examined rocntgenologically at least once a 
year subsequent to a negative result on roent- 
genologic examination, because thymic tumors 
may develop after myasthenia gravis has 
been present for years (Figure 31-3). 

PATHOLOGIC ASPECTS 

On the basis of gross or microscopic exam- 
ination, it is impossible to distinguish the 
thymoma removed from the patient with 
myasthenia gravis from the thymic tumor 
removed from a patient not afflicted with 
myasthenia gravis. Thymomas vary in size 
from that of a small nodule to that of a 
tumor filling the mediastinum and bulging 
into the pleural space. One of the largest 
removed by the authors was 10 x 10 X 15 
cm. and weighed 700 Gm. (Figure 31-4n). 


Most arc only a few centimeters in diameter 
(Figures 31-4fi and 31-5). It is unlikely that 
it would be possible to recognize roentgeno- 
logically a thymic tumor less than 2 cm. in 
diameter. 

The tumor may be solid, or partially or 
almost completely cystic (Figure 31-6). In 
three instances it was not possible to identify 
tumor cells in the walls of cystic thymic 
lesions and only the fact that the cyst was 
removed from the anterior superior medias- 
tinum of a patient afflicted with myasthenia 
gravis justified the inclusion of these coses 
among the scries of thymic tumors. Typically, 
a thymic tumor is a lobulated tumor with a 
thick capsule that is usually complete. How- 
ever, in about one fourth of our cases the 
capsule was incomplete and the tumor had 



Fig. 31-4- a. Hugo encapsulated thymic tumor weighing 700 Gm. ond measuring 10 X 
10 X 15 tm - 6- Thy mu* with a tumor of the right lower pole. 
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f>9 31 5 Thymut with a tumor of tho left lower lobe. 


invaded contiguous structures in the medias- 
tinum. On cut surface the thymoma is gray- 
ish-pink or yellow, and fibrous trabeculae arc 
a prominent feature. Regions of calcification 
may be noted in the capsule or trabeculae. 
The cysts may contain a thick, white, puttylike 
material, old blood, or serosanguincous fluid. 

The behavior of thymic tumors is unusual. 
They tend to extend by invasion but do not 
metastasize by the blood or lymph streams. 
n ten of our forty-five cases, the tumor had 
invaded contiguous structures. The pleura 
w as invaded in six cases, the pericardium in 
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five, the superior vena cava and innominate 
veins in five, and the lung in three. In two 
cases the tumor had spread to pleural sur- 
faces by implantation. Histologically it has 
been impossible to differentiate those tumors 
that showed invasive tendencies from those 
which were well encapsulated. In eleven 
cases of thymic tumor in which complete 
necropsies were performed, there was no evi- 
dence of lymphogenous or hematogenous 
spread. No case was observed in which exten- 
sion of a thymic tumor outside the thoracic 
cage had occurred. 

Thymomas are slow-growing tumors. In 
this senes of forty-five cases several instances 
were observed in which the tumor had been 
present for four to as long as ten years. One 
patient has been followed who has had a 
thymic tumor too invasive to be removed 
for five years and the patient was still alive 
at last report. 

Whether thymomas arc to be considered 
benign or malignant depends on one’s defini- 
tion of malignancy. Castleman and Norris 
consider them benign neoplasms. Certainly the 
dense capsule, cystic changes, calcification, 
and slow growth suggest that they are benign. 
Likewise, the microscopic picture is not that 
of a very malignant tumor. On the other 
hand, a tumor that can invade through par- 
ietal and visceral pleura directly into the 
lung, and through the pericardium into the 
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Flfl. 35-3. Ra*ntg«nogropHlc □pptorane* of ifiymomo In lh* post«roant«rlor vi«w. o. Thymoma preceding Into tfi* 
right ildo of lh« thorax, fc. Thymic tumor projecting Into tho loft ilde of tho thorax, c. lorg* thymic tumor projecting 
Into tho loft lido of tho thorax. 


examined rocntgcnologically at least once a 
year subsequent to a negative result on roent- 
genologic examination, because thymic tumors 
may develop after myasthenia gravis has 
been present for years (Figure 31-3). 

PATHOLOGIC ASPECTS 

On the basis of gross or microscopic exam- 
ination, it is impossible to distinguish the 
thymoma removed from the patient with 
myasthenia gravis from the thymic tumor 
removed from a patient not afllictcd with 
myasthenia gravis. Thymomas vary in size 
from that of a small nodule to that of a 
tumor filling the mediastinum and bulging 
into the pleural space. One of the largest 
removed by the authors was 10 x 10 x 15 
cm. and weighed 700 Gm. (Figure 31-4a). 


Most arc only a few centimeters in diameter 
(Figures 3 1-46 and 31-5). It is unlikely that 
it would be possible to recognize roentgeno- 
logically a thymic tumor less than 2 cm. in 
diameter. 

The tumor may be solid, or partially or 
almost completely cystic (Figure 31-6). In 
three instances it was not possible to identify 
tumor cells in the walls of cystic thymic 
lesions and only the fact that the cyst was 
removed from the anterior superior medias- 
tinum of a patient afflicted with myasthenia 
gravis justified the inclusion of these cases 
among the series of thymic tumors. Typically, 
a thymic tumor is a lobulatcd tumor with a 
thick capsule that is usually complete. How- 
ever, in about one fourth of our cases the 
capsule was incomplete and the tumor had 
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areolar tissue wM. 0 "* t°* j fiy 1 mo,ncls * ,ainB d with hematoxylin and eosin o Vessel surrounded by 
Palisaded ot rmhr po ! sa “ e “ epithelial cells (X 500). b. Fibrous trabecula with the epitheliol cells 
and cystic spaces a " 9 ‘ el ! h * ,on 9 0 *'* of ,h ® trabecula (X 165) e Typical thick fibrous capsule 
Seybold J R ” * moH » ,orn ® large, lined by epithelial cells {X 5) (From W. D. 

M ' ‘ Clagett, and C. A. Good [9J, courtesy Journo/ of Thoracic Surgery.) 
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pericardial cavity and into the walls of the 
superior vena cava and innominate veins 
sufficiently to cause superior vena caval ob- 
struction, can hardly be considered an inno- 
cent tumor. 

TREATMENT 

There are at present only two methods of 
treating thymic tumors: deep roentgen irra- 
diation and surgical resection. In our series, 
roentgen therapy had been used in about one 
third of the eases without any appreciable 
effect having been produced on the size of the 
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an excellent exposure of all the structures ia 
the anterior mediastinum. An additional ad- 
vantage is that it does not require opening of 
the pleural space on cither side. The split 
sternum heals well and leaves no weakness or 
deformity of the thoracic cage (Figures 31-9 
31-10, and 31-11). For large thymic tumors, 
for thymic tumors that present chiefly into 
one pleural space, and for those that lie in the 
region of the diaphragm, a posterolateral 
transpleural approach is preferable. A para- 
sternal or transcostal approach can be used for 
small thymic tumors that present slightly to 



Fig 31-7. Sections of thymomas slolned wilh hemoloxylin end eosin (X 100) a. The thymocyte is 
the dominant cell in the tumor, b. The epithelio! cell is the dominant cell. (From W. D. Seybold, J. R. 
McDonald, O T. Clogett, and C. A. Good [9), courtesy Journo/ of Thoracic Surgery.) 


tumor. Likewise, no histologic changes in the 
tumors treated by the roentgen rays have been 
noted. It is not believed that thymic tumors 
are sensitive to roentgen radiation. However, 
it has been the practice of the authors to use 
intensive radiation therapy for inoperable 
thymomas 

The proper operative approach for re- 
moval of thymic tumors depends largely upon 
the size and location of the tumor as deter- 
mined by roentgenologic examination. A ster- 
num-splitting incision is preferred for small 
tumors that lie near the mid-line. This ap- 
proach is the only one that will permit removal 
of the entire thymus gland, and it does provide 


either side of the sternum but the exposure is 
not adequate in most instances and this ap- 
proach has no particular advantage. 

Operations for thymic tumor were carried 
out upon forty-one patients. In ten, or ap- 
proximately one fourth of the series, the 
tumor could not be completely removed be- 
cause of its invasion into vital structures, 
particularly the walls of the blood vessels in 
the mediastinum. Six of these patients with 
ineradicable thymomas had myasthenia gravis, 
four did not. Two of the patients in this group 
died in the hospital. Both had myasthenia 
gravis; one died of complications resulting 
from myasthenia gravis, the other of rupture 
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f'g. 31-8 Sections of thymoma* stained wtfh hematoxylin and eostn. a Vessel surrounded by 
areolar tissue with palisaded epithelial cells (X 500). b Fibrous trabecula with the epithelial tells 
palisaded of right angles to the long axis of the trabecula (X 155) e Typical thick fibrous capsule 
? n , c T‘ ,ie *P°ee j / some of them small, some large, lined by epithelial cells (X 5) (From W, D. 
seybold, J. R. McDonald, O. T. Clagett, and C. A Good [9], courtesy Journo/ of Thoracic Surgery ) 
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of the ascending aorta, which occurred when 
a thymic tumor was peeled away from the 
wall of the aorta. In thirty-one patients, thy- 
mic tumors were completely removed. In some 
the entire thymus gland was removed with the 
tumor, in others only the thymoma itself was 
removed. Removal of the entire thymus gland 
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myasthenia gravis, the third from pulmonary 
complications. This last patient did not have 
myasthenia gravis. Five patients whose thy- 
momas had been completely removed died 
from myasthenia gravis after complete re- 
covery from the operative procedure. There 
have been no deaths of patients whose thymic 



Fig. 31*9. Sternum-splitting Incision The finger is Inserted behind the 
manubrium to push soft tissues back before inserting the bone chisel. 


together with the thymic tumor seems to offer 
no particular advantage, so far as the patient 
is concerned, over removal of the tumor alone. 
In the group of patients whose thymomas 
could be removed completely, none has died 
because of recurrence of or distant metastasis 
from the tumor after dismissal from the 
hospital. There were three postoperative deaths 
among the thirty-one patients whose thy- 
momas were removed; two died from their 


tumors were completely removed and who did 
not have myasthenia gravis. 

PREOPERATIVE AND POSTOPERATIVE 

MANAGEMENT OF THE MYASTHENIC 
PATIENT 

Since thymic tumors are associated with 
myasthenia gravis in 75 per cent of cases, 
careful management of the myasthenic pa- 
tient who is to undergo surgical treatment is 
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pertinent. Actually the major risks involved 
in operations for thymic tumor are incident 
to the presence of myasthenia gravis. 
Myasthenia gravis may present an ex- 
tremely varied clinical picture and course. The 
symptoms are those that result from a pecu- 


made to improve the patient’s nutritional 
status before operation. Usually, however, ade- 
quate doses of neostigmine will permit a 
patient to ingest a satisfactory diet. Occasion- 
ally it may be necessary to resort to tube 
feeding. Because of the difficulty in swallow- 



muscW , ,f y and weakness of voluntary 
mav • "T muscle or group of muscles 
with ev V nvol y cd but the muscles concerned 
swaltou,- motl0n > tecial expression, chewing, 
quentiy 1 "^’ 3nd ta,kin S are affected most fre- 

loMng U mfl° f d f CUlty chewin £ and swal- 
and p t rlv 7 ° f . P at!enh ar e thin, weak, 
P Y nourished. Every effort should be 


ing, these patients sometimes aspirate food or 
oral secretions into their air passages. The 
best protection against this is adequate neo- 
stigmine therapy. Every precaution should be 
taken to protect them against respiratory in- 
fection, to which they are very susceptible and 
which often causes severe exacerbations of 
myasthenia gravis. The amount of neostig- 
mine administered to any myasthenic patient 
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is determined by the severity of the disease. nitrous oxide, oxygen, and ether administered 

In this regard myasthenia gravis is similar to through an intratracheal tube. Thiopental 

diabetes. The myasthenic patient soon learns (Pentolhal) sodium is a respiratory depres- 
to judge his neostigmine requirement much sant and should be avoided. Curare and any 

as the diabetic patient learns to estimate his medication containing quinine are strictly pro- 

insulin needs. Without neostigmine to aid in hibited. These agents cause severe exacerba- 

controlling the severe manifestations of the tions of myasthenia and are very dangerous, 

disease, it would be impossible to perform An intratracheal tube permits aspiration of 



Fig. 31-10. Droejrornmofic sketch showing relotion of the thymus to the heart/ lungs, 
and great vessels, 

operations on most patients who have myas- secretions from the tracheobronchial tree dur- 
thetua gravis. iog operation and prevents any difficulty that 

A period of a few days in the hospital be- might result should the pleura be opened dur* 

fore operation is advisable for all myasthenic ing operation. Neostigmine is available at all 

patients. Heavy sedation should be avoided times and should be administered hypoderm- 

at all times. Just before going to the operating ically if any sign of respiratory difficulty de- 
room the myasthenic patient should be given velops during operation. There is little shock 

1.0 ter 1.5 mg. neostigmine methylsulfate, 8 or loss of blood in most operations, 

mg. morphine sulfate, and 0.43 rag. atropine The postoperative period requires strict 
sulfate.-- • - * “ vigilance. The margin of safety for some of 

- The anesthetic agent of choice for patients these patients is not great and they may re* 

■with myasthenia gravis is a combination of quire large doses of neostigmine postopera* 




Fig 31-10 (Contd). Anatomy of the anterior mediaitmum after removal of 
the thymus. (From O T. Clagett, L M. Eaton, and R. P. Glover [2], covrltsy 
Surgery ) 
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tivcly. It may be necessary to administer 1.0 
to 1.5 mg. of neostigmine mcthylsulfatc every 
hour or two for the first twelve to eighteen 
hours postoperatively in some eases. Oxygen 
therapy may be indicated. An aspirator should 
be available to remove any accumulation of 
secretions in the nasopharynx and to prevent 
the aspiration of them into the tracheobron- 
chial tree. Any evidence of anxiety, dyspnea, 
or respiratory embarrassment should be 
looked on with greatest concern since it is a 
sign of impending danger. A Drinker type 
respirator should be readily available when- 
ever a myasthenic patient is operated on and 
any patient who shows evidence of exhaustion 
or respiratory difficulty should be placed in 
the respirator immediately, even though his 
or her general condition appears to be good. 
While a patient is in the respirator, it is safe 


to administer larger doses of sedative agents, 
if necessary, than it would be wise to give to 
a myasthenic patient under ordinary circum- 
stances. Equipment should be available for 
aspiration of the tracheobronchial tree, or for 
bronchoscopy if there is evidence that secre- 
tion is accumulating in the air passage that 
the patient is not able to raise. If patients are 
not able to swallow satisfactorily during the 
postoperative period, a tube should be in- 
serted through the nose into the stomach for 
administration of adequate fluids and nourish- 
ment. In most of the authors’ patients the 
postoperative course has not been difficult, 
but it is wise to be prepared for any even- 
tuality. The course of these patients is unpre- 
dictable. Most patients are up and about 
within forty-eight hours and leave the hospital 
in ten or twelve days. 



CHAPTER 32 


Tumors of the Heart 


/van D. Baronofsky 
and 

Lawrence l. Zaroff 


Until the last few years a discussion of 
tumors of the heart would have been con- 
sidered, for the most part, academic. Now, 
with the rapid development of pump oxy- 
genators and open heart surgery, a study of 
these growths is of vital importance. It is 
now feasible to diagnose, with angtocardiog- 
raphy, as well as remove many intracavitary 
tumors of the heart. 


1. Metastatic 

2. Contiguous 

DESCRIPTION OF COMMON TUMORS 
OF THE HEART 

Polypoid Tumors 

MYXOMA AND/OR ORGANIZED 
THROMBUS 


CLASSIFICATION OF TUMORS 
OF THE HEART 

Tumors of the heart may be classified as 
follows- 

A Intracavitary 
1. Polypoid 
a - Myxoma 

b - Organized thrombus 
c. Fibroma 
2 Sarcoma 


B. Mural (including subendocardial and sub- 
e picardial layers) 

Lipoma 

2- Rhabdomyoma 
3 Angioma 
4. Sarcoma 

C. Extramural 

Teratoma 
2. Dermoid 
D Pericardial 
Fibroma 
2- Lipoma 
3 Neurofibroma 
4 - Cysts 
Sarcoma 
'• Carcinoma 


E. Sec 


; ondary 


The pedunculated, circumscribed, myxom- 
atouslike masses within a cavity of the heart 
(Figures 32-1 and 32-2) are considered by 
some to be true neoplasms [48] while others 
do not ascribe a neoplastic nosology to them 
[55] Probably both types exist 
Grossly they vary in size from that of a 



Fig. 32-1. Pedunculated myxoma of the left auricle. 
(From R. M. lymburner [36], Graduate School Thesis, 
University of Minnesota ) 


SOI 
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Fig 32-2. Pedunculated myxoma of the left auricle, biieefed, 
showing hemorrhagic areas In the substance of the tumor. (From 
R. M lymburner [341, Graduate School Thesis, University of Minne- 
sota ) 


tiny 5 mm. nodule to as large as 5 cm. in 
diameter, are attached by a pedicle, and arc 
intracavitary. They may be smooth and 
rounded, lumpy or polypoid, and villous. They 
are usually pale yellow, bluish-gray, or yel- 
lowish-brown, often having hemorrhagic areas 
on the surface, and sometimes being partly 
covered with fibrin. Thrombi sometimes over- 
lie the surface of the tumor. On cut section 
the tumors are gelatinous and frequently 
hemorrhagic (Figures 32-3, 32-4, and 32-5). 


They usually arise from the endocardium of 
the left auricle. They may either originate 
from a valve or block a valve by engaging 
in the orifice. The predilection of this tumor 
is for the region of the foramen ovale. 
Prichard [46] studied this peculiarity and 
found that the region contains most of the 
connective tissue in the heart, and might be 
expected to be the site of most connective 
tissue tumors (Table 32-1). 


TABLE 32-1. — Differentiation of Myxoma and Organized Thrombus* 
Myxoma Organized thrombus 


1. Smooth surface and transparent 

2. Gelatinous consistency 

3. Stroma uniform with vessels and cells well de- 

veloped 

4. Absence of hemosiderin 

5. Star cells 

6. Localized to both auriculoventricular valves 

and to the foramen ovale 

7. Mucin 

8. Elastic fibers usually central (Bergstrand) 


1. Granular surface and opaque 

2. Stratification 

3. External portion composed of organized tissue 

with abundant extravasation (St3hr) 

4 Abundant hemosiderin, presence of fibrin 
(DeVecchi) 

5. Layers of cells of inflammatory origin (Bren- 
ner) 

6 Located anywhere within the two atria 
7. No mucin 

8 Elastic fibers of tumor joining with those of 
endocardium 


After A . Fabrls [19]. 
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P ^ 0 ' omIcr ograph of myxoma demonstrating 
Zr'tlr ° f n,Uc,n 330). (From R. M lym- 
l “ ! ' s ‘ h "°' «< 


FIBROMA 

In 8 eneral * this tumor again is a debatabh 
Many authors consider it of the sami 
na lire as a myxoma or an organize! 
thrombus. Fibromas are usually single 
Pedunculated, small, and located on the valves 
vmg arisen from their subendothelium. Thi 
mors are common, occurring in about 2< 

L*“ l °I hCartS - Yater t 59 l states tha t whci 

thesl nS ;? r i the hi 5 h, y PaP'hary structure 
the nrr, °»k’ shmin S surface, and the fact tha 
the Lr r USUaUy ° CCUrs on a normal valve 
logical a connective tissue tumor seem 

Robert's rm ° tI,er h ™ d ’ he State, that ' 
mucoid »; assumption is correct (tha 

Dectivc Z deve,0 P mental| y as 
growth, ' , thc “ one may consider thus, 
viewed vs?, 0 “ myxortla5 - Mahaim [37] re 
“■rough 19 40 “S ot .P°'yP s of the atriun 
ho atria mcidence between th 

>s compared in Table 32-2. 


TABLE 32-2 — A Comparison of Polypou> 
Tumors Within the Atria of the Heart 


Type 

Left 

atrium 

Right 

atrium 

Total 

Indeterminate 

41 

11 

52 

Thrombus 

45 

11 

56 

M>xoma 

6S 

14 

82 

Sarcoma (primary) 

10 

10 

20 

Secondary neoplasm 

12 

12 

24 

Fibroma 

8 

0 

8 

Angioma 

3 

1 

4 

Lipoma 

1 

3 

4 

Total 

188 

62 

250 


Source- I Matin I m [37]. 


Sarcoma 

Sarcoma of the heart is not too uncommon. 
Mahaim 137] records 87 collected cases from 
the literature to 1942. Anatomically the 
growth may be intracavitary, mural, pericar- 
dial, or mixed. Histologically these tumors may 
be spindle-celled, round-celled, giant-celled, 



Fig 32-4. Photomicrograph of myxoma showing the 
fine fibrous connective tissue (X 165). (From R. M. 
lymburner [36], Graduate School Thesis, University of 
Minnesota ) 



Infra thoracic Toraon 

entire heart, 1; myocardium (origin undeter- 
mined), 1. 

Many of the sarcomas in Mahaim's col- 
lected series were polypoid in nature. Might 
it not be possible that these tumors are 
merely late stages of formerly benign growths? 
The common origin of malignant tumors of 
the intestinal tract from polyps is well docu- 
mented. In fact, it might be well to apply 
lessons learned in the latter field to tumors 
of the heart, i.c., to remove polyps if pos- 
sible. As absurd as this may sound at this 
early date, it is well to remember that we 
arc in an era when intracardiac manipula- 
tions arc rather common. 

The size of sarcomas of the heart varies 
considerably; however, they are usually large, 
because they arc recognized late in their 
clinical course. Metastascs may occur to any 
organ of the body. The most common sites 
arc the lungs, pericardium, mediastinal lymph 


Fig. 32-5 Photomicrograph of myxoma showing toe 
presence of elastic tissue (X 200) (From R. M. lym- 
burner [36], Graduate School Thesis, University of 
Minnesota ) 

myxomatous, mixed-celled, angiomatous, or 
lymphomatous. There is a curious predilec- 
tion of this tumor for the atria (61 cases) and 
particularly for the right atrium (42 cases). It 
must be recalled that myxomas also prefer 
the atria, preferably the left. Why the malig- 
nant growths should arise from the right side 
and the benign from the left is impossible to 
answer. To suggest that oxygen tension, which 
is lower in the right heart blood, may have an 
effect on the malignant tendency is pure con- 
jecture. In the 87 collected cases of Mahaim 
the apparent location of the original tumor 
was: right atrium, 29; left atrium, 15; right 
ventricle, 4; left ventricle, 3; left and right 
atria, 4; left and right ventricles, 3; left 
atrium and ventricle, 3; right atrium and 
ventrical, 5; both atria and both ventricles, 
4; left ventricle and septum, 2; right ven- 
tricle and septum, 1; interventricular septum, 
3- pulmonary artery, 8; aortic valves, I; 



Fig. 32-6. Photomicrograph of rhabdomyoma of fit* 
heart showing the numerous large multi nucleated 
(X 75). (From R. M. lymburner [36], Graduate School 
Thesis. University of Minnesota.) 
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nodes, adrenals, and kidneys. The frequent 
involvement of the pericardium and pleura 
leads to hemorrhagic effusions in the majority 
of cases. Many of the cases reported in the 
literature were explored surgically, only to 
find that the agent causing the effusion was 
an extensive sarcoma of the heart. The 
presence of effusion may aid in the differ- 
ential diagnosis between this tumor and 
primary pericardiac tumors [57] 

Sarcomas of the heart may occur at any 
age, most of them occurring between the ages 
of twenty and sixty years. They seem to be 
equally distributed between the sexes. 

Lipoma 

Lipoma of the heart is a rare tumor of little 
clinical interest. Usually lipomas are mural 
but they may be intracavitary. In a case re- 
ported by Brcwis the tumor was attached by 
a pedicle on the intraventricular septum and 
completely obstructed the tricuspic orifice. 
The lipomas are usually small, but may de- 
velop to reach 4 cm. in diameter. Thorcf [55J 
suggests their origin from clusters of fatty 
tissue that can be seen occasionally under the 
endocardium of the right ventricle, the sep- 
tum, and rarely of the left ventricle. Kirch- 
Hertel [34] reports a case with many lipomas 
of the mural type associated with multiple 
umors of the body. Histologically these 
umors do not differ from the ordinary variety 
°f hpomas. 


Rhabdomyoma 

His interesting heart neoplasm was first 
scribed by von Recklinghausen [47] in 1862 
cauw^ r , 1 ?^ ' ® te ' n ^‘ ss 153] suggested that be- 
maif ° . ^ rec l lient association of similar 
ma « 'T 5 in other or S ans - rhabdomyo- 

nomena a general develop- 
er- r ' st ? r ^ ance due to an abnormal 
tumor ° n J tl0r1 ' -According to Steinbiss, the 
embryonal tv Pr u 6rVe mor P hoIo 8 icall y the 
tissue n»t ^ Ut reac h a high degree of 
this t r Ur ‘ ty Bundschuh HO] believed that 
common [ °['8 mates * rom a primitive layer 

«Se!rb h el P “' k l nieflbrl,Sa " d,hem ^ 

Muscle *? re dlff erentiation into the two 

feinted ouuha,^'*^ ^ Ya ‘ er [J9J ha! 
by the fact \ t theor y « strengthened 
at rhabdomyoma fibers may 


show a transition into the myocardial fibers at 
the periphery of the tumor. The opinion has 
been expressed that rhabdomyomas of the 
heart represent a localized type of von 
Gierke’s disease {glycogen storage disease). 

There are three morphologic types of 
rhabdomyomas. (1) solitary, (2) multiple, 


TABLE 32-3 — Pathologic Conditions 
Associattd with Rhabdomyoma 
or the Heart 


Pathologic condition 

Instances 

Tuberous sclerosis of brain 

26 

Kidney tumors 

10 

Polycystic kidneys 

8 

Adenoma sebaceum of skin 

4 

Congenital anomalies 

Neurologic nests in brain and spinal 

4 

meninges 

1 

Porcnccphalus 

1 

Negative 

9 

No details 

5 

Brain not examined 

2 


SouncE R M Lymburner [36], Graduate School 
Thesis, University of Minnesota 



Fig 32-7. lymphangioma of the right auricle. (From 
R. M. Lymburner [36], Graduate School Thesis, Uni- 
versity of Minnesota.] 
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Fig. 32 5. Photomicrograph of myxoma showing the 
presence of elastic tissue (X 200). (from R. M lym- 
burner [36], Graduate School Thesis, University of 
Minnesota.) 

myxomatous, mixed-celled, angiomatous, or 
lymphomatous There is a curious predilec- 
tion of this tumor for the atria (61 cases) and 
particularly for the right atrium (42 cases). It 
must be recalled that myxomas also prefer 
the atria, preferably the left. Why the malig- 
nant growths should arise from the right side 
and the benign from the left is impossible to 
answer. To suggest that oxygen tension, which 
is lower in the right heart blood, may have an 
effect on the malignant tendency is pure con- 
jecture. In the 87 collected cases of Mahaim 
the apparent location of the original tumor 
was: right atrium, 29, left atrium, 15; right 
ventricle, 4; left ventricle, 3; left and right 
atria, 4; left and right ventricles, 3; left 
atrium and ventricle, 3; right atrium and 
ventrical, 5; both atria and both ventricles, 
4; left ventricle and septum, 2; right ven- 
tricle and septum, 1; interventricular septum, 
3; pulmonary artery, 8; aortic valves, 1; 
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entire heart, I; myocardium (origin undeter- 
mined), 1. 

Many of the sarcomas in Mahaira’s col- 
lected series were polypoid in nature. Might 
it not be possible that these tumors are 
merely Jate stages of formerly benign growths? 
The common origin of malignant tumors of 
the intestinal tract from polyps is well docu- 
mented. In fact, it might be well to apply 
lessons learned in the latter field to tumors 
of the heart, i.e., to remove polyps if pos- 
sible. As absurd as this may sound at this 
early date, it is well to remember that we 
arc in an era when intracardiac manipula- 
tions are rather common. 

The size of sarcomas of the heart vanes 
considerably; however, they are usually large, 
because they are recognized late in their 
clinical course. Metastases may occur to any 
organ of the body. The most common sites 
are the lungs, pericardium, mediastinal lymph 



Fig. 32-6. Photomicrograph of rhabdomyoma of fl»* 
heart thawing the numerous large multinueleated cell* 
(X 75). [From R. M. Lymburner [36], Graduate School 
7 heiii, Uniwriity of Minneiola ) 
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nodes, adrenals, and kidneys. The frequent 
involvement of the pericardium and pleura 
leads to hemorrhagic effusions in the majority 
of cases. Many of the cases reported in the 
literature were explored surgically, only to 
find that the agent causing the effusion was 
an extensive sarcoma of the heart. The 
presence of effusion may aid in the differ- 
ential diagnosis between this tumor and 
primary pericardiac tumors (571. 

Sarcomas of the heart may occur at any 
age, most of them occurring between the ages 
of twenty and sixty years. They seem to be 
equally distributed between the sexes. 

Lipoma 

Lipoma of the heart is a rare tumor of little 
clinical interest. Usually lipomas arc mural 
but they may be intracavitary. In a case re- 
ported by Brewis the tumor was attached by 
a pedicle on the intraventricular septum and 
completely obstructed the tricuspic orifice. 
The lipomas are usually small, but may de- 
velop to reach 4 cm. in diameter. Thorcl [55] 
suggests their origin from clusters of fatty 
tissue that can be seen occasionally under the 
endocardium of the right ventricle, the sep- 
m, and rarely of the left ventricle. Kirch- 
ertel [34] reports a case with many lipomas 
of the mural type associated with multiple 
umors of the body. Histologically these 
umors do not differ from the ordinary variety 
01 lipomas. 


Rhabdomyoma 

This interesting heart neoplasm was first 
escribed by von Recklinghausen [47J in 1862 
canS re r 32 ', 6) ' S,cinbiss 153] suggested that be- 
- 0 , e frequent association of similar 
“ formations m other organs, rhabdomyo- 
mental Phenomena of a general develop- 
r d ' S, “ ba " ce <>0= to an abnormal 
tumor °“<?i , ! ,0n ' Accordi "S <0 S’™!*’. *= 
emhrvrwx i P reserve m orphologically the 
fitTm ' yPe b “‘ Feach « high degree of 
this tumo“" ty ' Bundschuh HOI believed that 

commou toftfu f . r ° m 3 P riraitlve la T er 
cardial cells hef/ U fibrll . s and the mJ, °' 
muscle sv ? re d| fferentiation into the two 
Pointed P lacc : T’ater [59] has 

by the f-,,.. theory > s strengthened 

1 ,ha that rhabdomyoma fibers may 


show a transition into the myocardial fibers at 
the periphery of the tumor. The opinion has 
been expressed that rhabdomyomas of the 
heart represent a localized type of von 
Gierke’s disease (glycogen storage disease). 

There arc three morphologic types of 
rhabdomyomas. (1) solitary, (2) multiple. 


TABLE 32-3 — Pathologic Conditions 
Associated with Riiardomyoma 
of the Heart 


Pathologic condition 

Instances 

Tuberous sclerosis of brain 

26 

Kidney tumors 

10 

Polycjstic kidnc>s 

8 

Adenoma sebaceum of skin 

4 

Congenital anomalies 

Neurologic nests in brain and spinal 

4 

menmges 

I 

Porencephalus 

1 

Negative 

9 

No details 

5 

Brain not examined 

2 


Source Ti M Lymburner [36]. Graduate School 
Thesis, Uni\«*r«lty of Mlnne'Ota 



Fig. 32-7. lymphangioma of the right auricle. (From 
R. M. lymburner [36], Graduate School Thetis, Uni- 
versity of Minnesota.) 
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TABLE 32-4.— Distribution or Rhabdomyoma in the Heart: 47 Cases 


Lt. 

Lt. 

Rt. 

Rt. 

Intervent. 

Intra-auric. 

Mult. 

Site not 

anr. 

vent 

aur. 

vent. 

septum 

septum 

sites 

stated 

1 

27 

4 

19 

9 

1 

12 

0 


Source. It M Lymburner [36], Graduate School TheiK University of Minnesota 


and (3) diffuse. The solitary nodule is usually 
located at the apex of the heart and is unas- 
sociatcd with other developmental abnormal- 
ities. The mutiplc nodules are usually mural 
and may or may not project into the cavities 
of the heart or the pericardial sac. They arc 
often associated with other developmental 
conditions (Table 32-3). 

The tumor seems to be equally distributed 
between the sexes and the predominant age 
incidence in post-mortem scries is the first 
decade of life. The distribution of the rhabdo- 
myoma in the heart in Lymbumer’s [36) col- 
lected series of cases is shown in Table 32-4. 


Angioma 

True angiomas of the heart are rare. 
Pcnneman [43] described a hemangioendo- 
thelioma on the anterior wall of the left 
auricle, about the size of a chestnut, cystltke 
in character, and projecting into the cavity of 
the auricle. Grant and Camp [24] desenbed 
an arterial angioma located in the mem- 
branous portion of the interventricular sep- 
tum. This tumor had malignant tendencies, 
as it destroyed the common trunk of the bun- 
dle of His-Tawara, provoking a complete 
atrioventricular block. 

Lymphangiomas of the heart (Figures 32- 



Fig. 32-8. Photomicrograph of lymphangioma through the pedicle. The connective tissue of the tumor Is continuous 
with that of the surface of the auricle (X 7U). ( From R. M. lymburner [34], Graduate School Thesis, University 

of Minnesota J 
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7 and 32-8) have been reported by Uchlmgcr 
[56] and by Lymburner [36]. In the latter’s 
case the heart tumor, interestingly enough, 
was associated with a lymphangioma of the 
neck. The heart lesion was probably formed 
from the lymphatic channels of the auricular 
surface of the heart. 

Nicod [40] in 1945 described an angio- 
reticuloma of the heart situated near the 
foramen ovale. The peculiarity of this tumor 
is its close resemblance to the “hemangio- 
blastoma” as described by Cushing and Bailey 
[15] in the centra! nervous system. Roussy 
and Oberling [49] realized this close re- 
semblance and suggested the name “angio- 
reticuloma” in order to suggest its dual origin 
(1) from the blood vessel itself, and (2) from 
the perivascular reticular tissue. 

Armstrong and Monckeberg [1], Perry and 
Rogers [44], Lloyd [35], and Mahaim [37] 
tavs described tumors of the node of Tawara, 
which appear as a lymphangioendothelioma- 
1 e type. Mahaim suggested that these tumors 
ere of embryonic character and arc csscn- 
“ duc i° malformation occurring during 
. lw ' !tl ”e of Iho heart in its early embry- 
onic development to become a four-cham- 
oered organ from a single tubular one. He 
prefers the name "coelothclioma of Tawara." 

lm PO'*once is the fact that the tumors 
we secretorv in and may> thcrc . 

of the conduction 
rge enough or cause 

s, blood nodes, and 
described; they are 
: no symptoms. 


fore * cause disturba 
system if they becoir 
“Wammatory change 
Varices, varicose 
Wood cysts have b 
entirely benign and c 


Primary Pericardiac Tumors 
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“coelothclioma malin” and offers the follow- 
ing cmbryologic deviation: 

Somatic mesoderm 

1. Myoepithelium (voluntary muscle) 

2. Somatic mesenchyme (bone, cartilage, 
and connective tissues) 

Visceral mesoderm 

1. Visceral mesenchyme (vessels and sup- 
portive muscles) 

2. Coclomic epithelium (serous coverings, 
meninges, and epithelial portions of the 
genitourinary tract) 



Fig. 32-9. Roenlgenogram of calcified eyjt removed 
by Dr. C. Beck The wall of the cyit ihow» deposition 
of calcium and come reduction in file. (From C. Beck 
[3J, tourlety Annalt of Surgery ) 

Primary dermoid and teratomatou? tumors 
situated within or attached to the pericardium 
are of rare occurrence [27]. Joel [31] reported 
a teratoma attached to the root of the pul- 
monary artery. Mouat [38] reported a dermoid 
that apparently arose from the pericardium 
and produced caval obstructive symptoms. 
Grimm [25] as well as Jellen and Fischer [30] 
have also reported these cases. It would ap- 
pear that in most of the patients the relation- 
ship between parietal pericardium and the wall 
of the cyst was not clear. Beck [3] reported the 
removal of a primary teratoma of the heart 
that appeared to have become an indistinguish- 
able part of the pericardium — the first instance 
of the successful removal of such a primary 
tumor (Figures 32-9, 32-10, 32-11, and 32- 
12). In 1957, Daggs, Peirce, and Rawson 
[16] reported the successful removal of an 
intrapericardial teratoma in one stage. The 
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Fig 32*10. Appearance one year after operation 
(lame patient as Figure 32-9), The cardiac silhouette is 
normal. (From C. Bjck [3], courtesy Annalt of Surgery.) 

tumor was also correctly diagnosed preoper- 
attvely by angiocardiography. 

In 1930, Keller and Callender reported the 
successful removal of a neurofibroma that was 
attached to the periocardium by a broad base 
along the course of the phrenic nerve. Hoch- 
berg and Robinson [28] m 1950 reported the 




Fig. 32-11. Artist's interpretation of relationship be- 
tween teratoma, right ventricle, right auricle, aorta, and 
vena cava, (from C. Beck [3], courtesy Annalt of 
Surgery.) 


successful removal of a cavernous hemangi- 
oma of the pericardium. 

Metastatic Tumors of the Hear! 
and Pericardium 

Tumors metastatic to the heart and peri- 
cardium occur about twenty to forty times 
more frequently than primary growths [46). 
Secondary tumors of the pericardium occur 
more frequently than secondary tumors of 
the heart. 

The neoplasms in the heart and pericardium 
arc similar to those found in other organs, 



Fig. 32-12. Photograph of a teratoma removed from 
within the pericardium. (From C. Beck [3], courtesy n 
nah of Surgery.) 

i.e., small, whitish, firm nodules diffusely or 
discretely scattered throughout the myo- 
cardium. Sarcomatous metastasis to the myo- 
cardium may be of a diffuse nature with 
complete replacement of the muscle. Metas- 
tases sometimes grow sufficiently large to 
encroach on the chambers. The valves are 
occasionally involved. It would be easy to 
explain carcinomatous involvement of the 
valve as one might explain bacterial endo- 
carditis, i.e , by contaminated blood con- 
stantly passing over the region; yet, in many 
instances, histologic sections of the valve show 
only a few cancer cells, if any at all. Eger 
[18] reviewed 12,705 autopsies, in which he 
found 446 instances of valvular lesions, of 
which 169 were of the verrucous type. There 
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was no cancerous involvement of the valves, 
although 45 of the 169 patients had an 
associated cancer. The pericardium may be 
involved by infiltration, with thickening, often 
in such cases there is a fibrinous exudate in 
the two layers and a hemorrhagic or non- 
hemorrhagic effusion. In rare cases the super- 
ficial lymph vessels of the heart and 
pericardium are involved in a carcinomatous 
lymphangitis and stand out as whitish threads. 

A predilection for right-sided involvement 
of the heart by metastases has been suggested 
Yater [59] offered an explanation for this 
finding based on a blood-vascular basis, i.c., 
most of the venous drainage to the heart 
eventually drains into the right side. Embolic 
tumor cells may thus have more opportunity 
to lodge on the right than the left. 

Not the least important of secondary tumors 
of the heart are those th3t extend onto the 
heart or pericardium by contiguity. Thus, 
tumors of the bronchi, lungs, esophagus, 
thyroid, thymus, and any other mediastinal 
structure may directly invade the heart and its 
coverings. From a surgical standpoint this 
type of tumor has been removed frequently. 
Mahaim calls attention to a peculiar brady- 
cardia (passive nodal rhythm), which is ob- 
Jajned in those cases of esophageal tumor. 
T^iis, he explains, is due to the involvement 
0 lae Keith-Flack node by the esophageal 
tumor. 7 * b 


Another peculiar secondary tumor is the 
neoplastic thrombus. This tumor usually 
originates at a distance from the heart and 
grows into the afferent venous return (caval 
system) and then actually extends into the 
eart Thus, Judd and Scholl [32] have re- 
f °/ C . a renaI tumor that extended into the 
, no [ • V6na cava anc * continued to grow 
P and mto lhe rigtu ailride These tumors 

u”" y ’ presen< in the ri S h < side of the 
, eVer ' “se S have been reported of 
then ar ^. turnors iodging in the lung and 
then ^ r °’’ Vlri a * n, ° the pulmonary veins and 
lhra Wo the left auricle. 


INCIDENCE of cardiac tumors 


Primary Tumors 

tXi C f rdiac fdtnors are rare. L 
] states that in the course of 8, 


consecutive autopsies at the Mayo Clime, four 
primary tumors of the heart were encountered, 
none of which was malignant. Strauss and 
Mcrliss (54] estimate the incidence of primary 
cardiac tumors to be 0.0017 per cent of 
autopsied cases. Whorton [57] has recorded 
three instances of primary cardiac tumors 
in a series of 20,337 autopsies. Of 329 cases 
of collected primary tumors that Mahaim 
recorded from the literature, 87 were malig- 
nant (Table 32-6). 

Secondary Tumors 

Scott and Garvin [51] found 101 cases of 
secondary cardiac tumors m 1,082 autopsies. 
Burke’s [11] series of 327 cases yielded four- 
teen instances. Willis [58] records twenty 
instances in 323 autopsies. Pollia and Gogol 
[45] noted 29 secondary cardiac tumors in 
1,450 autopsies. Lymburner noted 52 cases in 
8,550 autopsies. Prichard [46] recorded car- 
diac mestastases 326 times in 8,414 autopsies. 
Tne totaled incidence is about 2 3 per cent. 
Forty-four per cent of patients dying of 
ma'ignant melanoma have metastases in the 
heart (Pack [42]). Recent studies, pointed out 
by Hurst ]29] m 1955, indicate that of 1,264 
patients dying of cancer, cardiac spread was 
found in 20 per cent. The most common 
origins of metastases were the breast and 
lung; these organs produced cardiac metastases 
in one of three cases. In the series reported 
by Bisel, Wroblewskt, and LaDue [7] from 
Memorial Hospital (New York), 44 per cent 
of patients dying of leukemia and 24 per cent 
of those with lymphoma had involvement of 
the heart 

SIGNS AND SYMPTOMS OF 

CARDIAC TUMORS 

General Symptoms 

Yater has classified the symptomatology of 
cardiac tumors as follows: 

A. Clinical types not suggestive of heart 
tumor 

J. Absence of symptoms referable to the 
heart 

2. Symptoms of cardiac embarrassment 
terminally 

3. Symptoms of congestive heart failure 

4. Sudden death 
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TABLE 32-5. — Relative Number of Cases of Metastatic Tumors of the Heart, 
with Distribution According to Primary Site 
(Total Cases 4,375— Toial Cardiac Metastases 146) 


Carcinoma 


Sarcoma 


Breast 

23 

Lymphatic system 

18 

Lung 

16 

Bone 

2 

Stomach 

9 

Penis, stomach, kidney, peripheral nerve, 


Cervix uteri 

7 

spleen, undetermined (1 each) 

6 

Kidney 

Tongue 

7 

6 

Total 

26 

Rectum 

4 

Melanoma (cancerous) 


Penis 

3 

Skin 

12 

Esophagus 

3 

Eye 

4 

Ovary 

3 

Vulva 

1 

Testis, bladder, mouth (2 each) 

Vagina, liver (hepatoma, cholangiocar- 

6 

Anus 

Total 

18 

cinoma), prostate, thymus, lip, antrum. 



brachial cleft, pharynx, uterus, thy- 
roid, sigmoid, scrotum, pancreas (1 
each) 

14 



Total 

101 




Source It, W. Prichard [46], courtesy A , hi . A . Archives o/ Pathology . 


5. Symptoms suggestive of subacute bac- 
terial endocarditis 

B. Clinical types suggestive of heart tumor 

1. Heart block 

2. Symptoms referable to location of the 
tumor other than heart block 

3. Symptoms of cardiac dysfunction de- 
veloping without apparent cause in a 
patient with known malignant tumor 

4. Accumulation of hemorrhagic fluid, 
pericardial and pleural 

5 Suggestive roentgen observations 

Mahaim recorded thirty instances through 
1945 in which the correct diagnosis of heart 
or pericardial tumor was made. With angio- 
cardiography, the diagnosis will be made more 
often. The clinical manifestations that do 
occur are encountered with other mediastinal 
tumors that may obstruct the inflow to the 
heart with distention of the neck veins, edema, 
of the face, upper trunk, and upper extremi- 
ties, and the development of collateral circula- 
tion. Instances of inferior caval obstruction 
have been noted. 

Specific Tumor Symptoms 
LEFT AURICULAR POLYPS AND 

thrombi 

According to Mahaim [37], left auricular 
polyps and thrombi are suggested by the fol- 


lowing signs and symptoms: (1) intermittence 
and the paradoxical variations of signs of re- 
gurgitation owing to movement of tumor in 
and out of the mitral orifice; (2) paradoxical 
variations of signs of stenosis according to 
position of the patient; (3) variations in the 
murmur of mitral regurgitation; (4) syncope 
due to intermittent occlusion of the mitral ori- 
fice with resultant reflex tachycardia; (5) 
failure of cardiac drugs to improve the symp- 
tomatology; (6) concomitant psychic disorders 
due to intermittent cerebral anemia; (7) 
embolic symptoms — when an embolus has 
been removed and been histologically diag- 
nosed as of myxomatous appearance, it is 
pathognomonic. 

Mahaim has classified left auricular polyps 
into three types, depending on the signs: Type 
I, which gives signs of pure mitral stenosis; 
Type II, in which signs of regurgitation are 
also present; Type III, in which the polyp is 
also associated with an organic mitral lesion. 

SARCOMA 

Since the symptomatology of cardiac sar- 
coma is dominated by its localization in the 
right auricle, the following signs and symp- 
toms are suggestive : ( 1 ) superior vena caval 
obstructive signs; (2) inferior vena caval ob- 
structive signs; (3) absence of bronchial 
and pulmonary signs; (4) pericardial effusion 
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with hemopericardium and cells present in the 
pericardial fluid; (5) cardiac arrhythmias; (6) 
embolic phenomena with biopsy of the emboli. 

CONTIGUOUS TUMORS 
Contiguous tumors are suggested by: (1) 
the demonstrated presence of mediastinal 
tumor; (2) the sudden appearance of cardiac 
arrhythmias; (3) diagnostic pericardiocentesis 
demonstrating hemopericardium. 

DIAGNOSIS OF CARDIAC AND 
PERICARDIAC TUMORS 

In general, it is difficult to diagnose cardiac 
tumors and pericardiac tumors. Some aids to 


SURGICAL RATIONALE AND 
TREATMENT 

Surgical Rationale 
TUMORS OF THE HEART 
Since the development of open heart 
surgery with pump-oxygenators (Figure 32- 
13), and hypothermia, the surgical removal 
of tumors of the heart has become possible. 
The first successful removal of an mtra-atrial 
myxoma was performed by Crafoord on July 
16, 1954, with extracorporeal circulation. 
Since then, Bahnson [2], Gerbode [21], and 
Hanlon [26] have successfully removed myx- 
omas with the aid of pump-oxygenators. 


TABLE 32-6. — Makaim’s Table of Primary Cardiac Tumors Studied by 
him and Collected from the Literature 



Polypoid 

tumors 

Nonpolypoid 

tumors 

Total 

Cardiac 

Myxomas 

82 

23 

105 

Fibromas 

8 

29 

37 

Lipomas 

4 

10 

14 

Angiomas (and lymphangiomas) 

4 

9 

13 

Rhabdomyomas 


60 

60 

Coelothchomas 


5 

5 

Miscellaneous (benign) 


8 

8 

Sarcomas 

21 

66 

87 

Total 

119 

210 

329 

Pericardiac 

Fibromas 

7 



Lipomas 




Angiomas 




Miscellaneous (cysts) 

19 



Coelotheliomas 




Sarcomas 



20 

1 

Indeterminate (malignant) 

1 


Total 

84 


84 


Source : I Mahaim [371. 
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Bigelow [6], Scannell [50], and Chin [13] have 
removed similar tumors under hypothermia. 

Mahaim, in his exhaustive review, studied 
413 cases of primary cardiac and pericardiac 
tumors (Table 32-6). Of the primary tumors 
of the heart, 119 were polypoid; of these, 
twenty-one were sarcomas, which for the 
moment we will consider inoperable, leaving 
a remaining ninety-eight. In addition to those 
presented, he was able to find fifty-six that 
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Fig. 32-13. Photograph of a pump-oxygenator (DeWall) that may be 
used for the removal of tumors of the heart 


he did not record because of their indeter- 
minate nature and fifty-two that consisted of 
pure clot-ball thrombi, giving a total of two 
hundred six polypoid and pseudopolypoid 
lesions. All were either cavity-obliterating or 
near cavity-obliterating. They are certainly 
within the realm of surgical attack by the 
technic which will be described. Polypoid 
tumors of the heart should no longer be 


considered as medical curiosities and objects 
of pathologic arguments, but as surgical en- 
tities, just as are polypoid lesions of the colon. 

Consideration must also be given to cer- 
tain other primary tumors of the heart. Thus, 
if one were to localize a sarcoma of the heart 
that was polypoid m nature and causing 
cavitary obstructive symptoms, there is no 
reason to believe that removal of such a 



513 


Tumors of the Heart 

tumor might not be possible and perhaps life- 
saving. With modern surgical advances there 
is no reason to believe that a nonpolypoid 
tumor of the ventricle itself might not be 
resected with a portion of the ventricle. Ex- 
perimentally, Gordon Murray has resected 
portions of dogs* hearts that have been in- 
farcted by previously placed ligatures. 

Tumors located in the myocardium have 
already been resected by Beck [31 and by 
Hochberg [28]. Certainly, if a patient presents 
symptoms due to an intrapericardial tumor 
that seems to be well localized, every effort 
should be made to remove it. Even if these 
tumors may prove to be unrescctable, it may 
be entirely possible to provide for a new 
shunt around it, such as Gcrbodc has done by 
anastomosing the superior vena cava to the 
right auricular appendage. 


TUMORS OF THE PERICARDIUM 
Pericardiac tumors have been resected. 
The entire pericardium has been removed on 
numerous occasions, both experimentally and 
in human beings. Pericardial decortication, as 
performed for chronic constrictive pericarditis, 
»s a successful operation. The pericardium is 
now being removed as a further step in the 
management of pulmonary cancer {41]. 


TUMORS SECONDARY TO NEOPLASMS 
OF CONTIGUOUS ORGANS 


lention should be made of secondary 
umors of the heart, particularly tumors of 
oracic organs contiguous with the heart, 
arcinoma of the lung occasionally will in* 
a e or extend onto the heart or pericardium. 
_ Jj ?i, nS , .^ le * )eart ’ suc h as the pericardium 

hiv u C aun ' cIes> have been resected if they 
err t ^ mvo,ve d and the pulmonary can- 
cer has been resectable. 


OPERATION FOR BIOPSY PURPOSES 

the h!»?\ Cr reason * or operation in tumors of 
Pose* / * P eric ardium is for biopsy pur- 

resectable 't IIT lha , a Ulm °'' may not be 
and «tiwr’ j P ortlDn of it may be obtained 

has been obta*'^ the P atholo 8 ic diagnosis 
sensitive tll ~" “' d ' '* raa >’ P rove to bc a raJi °- 
itontheranv 0r ’ i heretore ' ade< ) u atc radia- 
cra py may be instituted. 


Surgical Procedures 

APPLICATION OF HYPOTHERMIA 
AND PUMP-OXYGENATORS 

The removal of tumors of the heart has 
been greatly facilitated by the successful ap- 
plication of hypothermia and pump-oxy- 
gcncrators to heart surgery. It is now generally 
agreed that these tumors should be removed 
under direct vision with the aid of the above- 
mentioned technics 

The rapidly changing aspects of open heart 
surgery, especially those concerned with 
technic, physiology, and preoperative and post- 
operative care, make it unwise at this 
time to prescribe a concise method. Suffice 
it to say that if surgery for these lesions is 
contemplated in the present or future, a prac- 
ticed team of people must bc set up This 
team must practice as a unit in the experi- 
mental laboratory until it functions as a unit. 
The type of pump-oxygenator, if this is pre- 
ferred to hypothermia, is arbitrary. There arc 
a great number now available. Each type must 
be thoroughly tested (Figure 32-13). 

A TRtOCAVAL ANASTOMOSIS FOR 
LESION-PRODUCING OBSTRUCTION 
OF SUPERIOR VENA CAVA (GERBODE) 

The superior vena cava is approached with 
the patient in a left lateral decubitus position. 
The cava is mobilized by incising the pleura 
along its margins, permitting the separation 
of the tissues from its posterior wall. The 
pericardium ascends for several centimeters 
on the lower end of the superior vena cava. 
Its sac is incised over the lower end of the 
cava, allowing the upward reflection of peri- 
cardium to be cleared from the vein by sharp 
dissection. This incision, when carried down- 
ward, exposes the right auricle. A few cubic 
centimeters of 1 per cent procaine hydro- 
chloride is applied to the surface of the 
auricle. The superior vena cava above the 
tumor is then clamped with vascular clamps 
(Pott’s ductus clamps). Another clamp is 
placed about 2 to 3 cm. above this clamp and 
the cava transected between these two clamps. 
The distal stump is then oversewn with con- 
tinuous arterial silk. The auricular appendage 
is picked up with toothed forceps, a rubber- 
covered clamp is applied across its base, and 
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a small piece of the tip of the auricular 
appendage is excised with scissors. The end 
of the superior vena cava is then anastomosed 
to the opening in the auricle, using a con* 
tinuous everting silk suture. A few interrupted 


Intrathoracfc Tumors 

RESECTION OF THORACIC TUMORS 
THAT HAVE BECOME CONTIGUOUS 
WITH THE HEART 

In the removal of tumors of the thoracic 
organs it is sometimes necessary to resect 



tig- 32-14. Technic of anastomosing the superior vena cava fo the right auricle (Ger- 
bode). a The superior vena cava haj been tronjected above the level of the oxygos vbio, 
the right auricular appendage is grasped with a rubber-eovered clomp while the tip is 
excised, thus creating a lumen into the atrium b A continuous everting suture of orteria) 
silk is used, A broad cuff is everted so that none of the cut edge of the auricular muscle 
remains In the lumen, c. The onterior row is reinforced with a few interrupted sutures 
The stump of the superior vena cava is closed with a double row of orferial silk. d. The 
completed anastomosis (From F. Gerbode, J. Yee, and F. F. Rundle [22J, court**/ Surgery ) 


sutures arc added to the anterior row. The 
clamps arc then removed. The pericardium 
is approximated over the anastomosis with 
several interrupted sutures (Figure 32-14). 


portions of the heart and pericardium. Thus, 
in pulmonary cancer, in order completely to 
remove the tumor, it at times becomes neces* 
sary to remove a portion of the atrium. It 
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would be impossible to designate a single 
method of approaching this heterodox type 
of surgery, except to state that adequate vascu- 
lar instruments should be present and the 
fundamentals of vascular suturing be known. 
Many clinics are now reporting such removals 
as a routine procedure [41] m the attempt 
to cure cancer of the lung and other intra- 
thoracic cancers. 


EMBOLECTOMY 

This procedure will not be described here. 
We mention it only to say that some tumors of 
the heart will throw- off emboli. These may 
lodge in portions of the peripheral arterial 
system and endanger life or limb In spite of 
the prognosis because of the primary tumor, 
every effort should be made to remove the 
offending embolus. 



CHAPTER 33 


Tumors of the Chest Wall 

R. Arnold Griswold 
and 

James C. Drye 


The chest wall should be considered an 
organ of the respiratory system. Its functions 
are to furnish an adequate respiratory ex- 
change and to protect the underlying viscera. 
To perform these functions it must be able 
to make its contained volume alternately 
smaller and larger, it must not leak, and it 
must be of adequate thickness and rigidity. 
These vital functions must be preserved. 

The b'.ocd supply of the chest wall ts, for- 
tunately, segmental, with profuse collateral 
channels, and rarely imposes restrictions on 
excision. The lymphatic supply has not been 
worked out m detail. However, most of the 
primary chest wall tumors are sarcomas and 
do not often spread by way of the local 
lymphatics, and when they do spread in this 
manner, there are usually distant metastases. 
In the occasional case in which resection of 
the chest wall is done for carcinoma, the 
paravertebral and retrosternal lymph nodes 
should be removed. 

Benign tumors usually can be simply shelled 
out or locally excised, leaving a small defect 
However, if the benign tumor is large and 
requires disruption of the chest wall, the prob- 
lem of maintenance of the function exists. 

In this chapter we will deal with those 
tumors of the chest wall which, because of 
their size or their malignancy, require excision 
of the wall to such an extent that special 
technics are needed to restore the basic func- 
tions. 

The published statistics on the incidence 
of chest wall tumors are inaccurate. There 
have been more than five hundred primary 
chest wall tumors reported and apparently a 


litt'c over half of these have been malignant. 

Theoretically, tumors may arise from any 
of the tissues that make up the chest wall. In 
the collected reviews of Sommer and Major 
[29] and of Dorner and Marcy [7] and in the 
large personal series of Blades and Paul [3] 
there are almost 25 different types of tumors 
reported in about 160 cases. Chondrosar- 
comas are the most common malignant 
tumors. Fibrosarcomas, malignant neurilem- 
momas, and Ewing’s tumor occur less fre- 
quently. There are other rare malignant 
tumors. Among the benign tumors , chon- 
dromas, osteomas, neurilemmomas, and 
lipomas occur most often. 

DIAGNOSIS OF TUMORS OF 
THE CHEST WALL 

The two most common and reliable symp- 
toms of chest wall tumors are pain and a 
lump in the chest wall. Of the two, pain is the 
more reliable and constant, as the growth may 
protrude but little and pain may develop 
before a mass is recognizable either clinically 
or, more rarely, by x-ray. The pain is usually 
dull and boring and not affected by respira- 
tion early in the disease. Later it may become 
pleuritic when the tumor involves the pleura. 
Severe pain occurs more often in malignant 
tumors. However, pain is not a reliable cri- 
terion to differentiate between benignity and 
malignancy. 

The lump may be present for years and 
never change size, or it may be present for 
many years and suddenly start to grow, or it 
may grow rapidly throughout its course, 

Proper x-rays are by far the most helpful 
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of all diagnostic procedures in chest wall 
tumors. As a rule, the ordinary AP, PA, and 
lateral projections are all that is necessary. In 
special instances tangential, stereoscopic, and 
sectional x-rays may be required. 

At times pneumothorax and/or pneumo- 
peritoneum may be very helpful. They may 
demonstrate whether the tumor has invaded 
the diaphragm, the lung, or the abdominal 
viscera. 

In many cases a general bone survey will 
be helpful in demonstrating the multiple 
bone lesions of polyostotic fibrous dysplasia, 
multiple myeloma, metastatic cancer, and 
the lesions of hyperparathyroidism. 

Biopsy by the aspiration method is pre- 
ferred by us. There have been no well- 
authenticated cases of dissemination of the 
tumor by aspiration biopsy except in cases 
of malignant melanoma. An cxcisional biopsy 
oi even an incisional biopsy should be done 
before radical surgery is justified. In either 
case, the wound should be tightly closed to 
prevent contamination of the subsequent oper- 
ative field with malignant cells. If the pathol- 
ogist can give an accurate diagnosis from a 
frozen section of the biopsy, the decision as 
to the proper procedure can be made at that 
time. If he feels that permanent sections are 
necessary, one should wait for the more ac- 
curate diagnosis. In most institutions perma- 
nent section can be finished in twenty-four to 
orty-eight hours; this short wait will not in- 
fluence the prognosis. 

PRIMARY CHEST WALl TUMORS 


Sarcomas 

are lbe most com uion neoplasms 
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reported two cures in twenty patients. The 
more recent results arc probably better. 
These tumors arc rare and it takes a long 
time to collect a series that is large enough 
to be statistically significant and has gone for 
five years or more. 

Osteogenic sarcoma, fibrosarcoma, and 
Ewing’s sarcoma, when arising in the chest 
wall, behave much as they do elsewhere. 

TREATMENT 

The treatment, except for Ewing’s sar- 
coma, is wide excision. This excision in all 
cases should include the entire thickness of 
the chest wall, including the pleura. Any in- 
volved rib should be removed from the 
vertebral articulation to its sternal attachment. 
When arising in the sternum, the entire seg- 
ment in which the tumor originates or which 
it invades should be excised. 

When possible, adherent structures should 
be resected in whole or in part. Adherence 
to a lobe of the lung demands lobectomy if 
cure is to be expected. Likewise, adherence 
to the diaphragm calls for adequate resec- 
tion of that part of the diaphragm. When the 
sarcoma is adherent to such structures as the 
aorta, extensive adherence to the spine, or 
other nonresectable structures, the case is in- 
curable. 


Ewing's Sarcoma 

Ewing’s sarcoma may occur in the bones 
of the chest wall. These tumors behave here 
much as they do elsewhere, with the additional 
findings of dyspnea, pleurisy, and pleural 
effusion as the cancer progresses They occur 
invariably before the age of thirty years. 
(See Vol. VIII for a general discussion of 
Ewing’s sarcoma.) 

TREATMENT 

There is no close agreement as to the 
method of treatment. Blades believes that op- 
eration is of no value and that irradiation 
alone should be used. He advises that in 
suspected but unproved cases surgical biopsy 
be obtained. While rapidly prepared histologic 
sections may be difficult to classify as to the 
exact nature of the malignant cells, Ewing’s 
sarcoma and the lymphomas can be identified. 
If such tumors are found, the operation is 
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terminated and roentgen therapy instituted. 
Kinsella [19] advises a combination of oper- 
ative removal and postoperative irradiation. 

In the series of eighteen cases reported by 
Sommer and Major [29], fourteen patients 
were reported dead; ten of the fourteen died 
thirteen months or less after treatment; four 
died three, two, three, and six years, respec- 
tively, after treatment. Of the four patients not 
known to be dead, one was living with sar- 
coma six months after treatment, and one 
was living and well two months after treat- 
ment; follow-up data were not given on two 
patients. 

On studying the above case reports, there is 
no significant difference seen in the length 
of survival following different methods of 
treatment. 

Cartilaginous Tumors 

The cartilaginous tumors — chondrosar- 
coma, myxosarcoma, osteochondroma, and 
chondroma — arise most often from the costal 
cartilages. About one fifth of them arise from 
the sternum and a few from the articular 
cartilages of the vertebra. (See Vol. VIII 
for a discussion of cartilaginous tumors.) 

TREATMENT 

In reviewing the reported cases of alleged 
benign chondroma, we are greatly impressed 
by three facts. First, the vast majority of these 
cases have been followed for one year or 
less. Second, in those patients who have been 
followed for five years or more, recurrence 
and final change into chondrosarcoma have 
been almost the rule. Third, a large number 
of patients had very limited resections. In a 
report by O’Neal and Ackerman [24], only 
fifteen of ninety-six patients with cartilaginous 
tumors were known to be alive and free of 
recurrence for more than two years. What is 
even more striking is that of these fifteen 
two-year cures, seven were from the group of 
fifty-eight patients with chondrosarcoma and 
only eight were from the group of forty-one 
who were thought to have benign tumors. In 
view of these findings we believe that all 
chondromas arising in the chest wall should 
be clinically regarded as malignant and that 
complete and wide excision should be done 
at the time of the first surgical attack. 

Cartilaginous tumors may often appear 


Intrathoracic Tumors 
very benign histologically, much more benign 
than the enchondromas arising in the small 
bones of the hands and feet (Geschickter 
[9]). Although it is well known that simple 
local excision with curettage will cure a num- 
ber of the latter tumors, similar limited attacks 
will be met with recurrence in chondromas of 
the chest wall. This is merely another instance 
in which clinical experience does not agree 
with the histologic structure. 

We believe that cartilaginous tumors re- 
quire wide excision of all layers of the chest 
wall, including the pleura. If the tumor arises 
in the ribs, long segments should be excised. 
Upshaw, McDonald, and Ghormley [35] 
showed that infiltration may extend out from 
the gross limits of the tumor as far as three 
inches m the marrow cavity. If the tumor 
arises in the sternum, the entire segment in- 
volved should be removed completely. 

Tumors of Nerve Trunk Origin Arising 
in the Chest Wall 

These tumors are fairly common. In 
Blades’s series [3], after exclusion of lipomas 
they accounted for 45 per cent of the benign 
tumors. They occur most often in the para- 
vertebral gutter and have long been classed 
with posterior mediastinal tumors. However, 
they occur occasionally further out along the 
nerve trunks. 

Most are neurilemmomas, either diffuse or 
encapsulated [33]. The diffuse type may occur 
as an isolated growth but is found often 
as a manifestation of von Recklinghausen’s 
disease. The encapsulated type is usually a 
solitary encapsulated tumor attached to a 
nerve. It is not usually associated with von 
Recklinghausen’s disease but about 18 per 
cent [32] do occur in frank or suspected cases 
of this disease. Either may recur locally or 
undergo malignant change but this is much 
more common in the diffuse type, in which 
the incidence of malignant change is about 13 
per cent [10]. 

Surgical biopsy is usually impractical i° 
those tumors lying deep in the paravertebral 
gutter and aspiration biopsy may be mislead- 
ing. 

TREATMENT 

Proper treatment is wide and complete ex- 
cision. 
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Tumors of the Chest Wall 

When these tumors occur in the chest wall 
as a part of von Recklinghausen’s disease, 
they should be removed only if the tumor 
shows rapid growth, which is presumptive evi- 
dence of malignant change, or if the tumor 
is causing local symptoms and can be removed 
as a palliative measure. 

Myeloma of Bone 

Multiple myeloma runs its normal course 
within a few months to an average of two 
years after diagnosis. Solitary myelomas are 
unpredictable in their behavior. Christopher- 
sen and Miller [6] collected twenty-two well- 
authenticated cases followed for more than 
three years, and fifteen followed from one 
to three years, which remained localized for 
the total time of observation. One case in each 
group occurred in a rib. 

treatment 

Radical surgical removal is not indicated in 
either type. It is useless in multiple myeloma 
and unnecessary in the solitary type. The 
latter can be surgically treated by simple local 
excision or curettage. This has provided 
Known survivals ranging between nine and six- 
teen years f6]. Radiation therapy also gives 
excellent results. 


Giant-Cell Tumors of the Chest Wall 
Giant-cell tumors rarely involve the bones 
0 the chest wall. There were ten cases re- 
potted from 1914 to 1950 (Buckles and Law- 
of S fk )’ n .° recurrence reported in any 

. Parents. Six of the ten were liv- 

g a ter eleven years; two more were living at 
and twenty-two months, respcc- 
cWk ^ P at ' ent sustained an operative 
, and one died of a proved bronchogenic 
at ?•? y^. Six o{ the ten were 
.. y eXc *sion alone, two by biopsy and 
n'°"' an<! two b y excision and irradia- 
0D * . ne> vd ]° diecl in the immediate post- 
uyi* P Cnod . was considered to have a 
Hail* "r??} 8 ’ a ?, t ’ Cen tumor - Samson and 

cases RnS ad y‘* ed irradiation in proved 
es advises early surgical excision. 

Tumors of ' he Chest Wall 

° rc not 

arising m the deep tissues of 


the chest wall are rare. They have been re- 
ported in the ribs and in the subcutaneous 
tissue. When arising in the ribs, they have 
produced pain, local mass, and rib destruction 
(Kinsella (19]). They may simulate osteo- 
lytic sarcoma. Although there may be lesions 
in other bones, they are really benign. The 
treatment is resection of the involved rib in 
its entirety. 

The hemangiomas arising in the soft tissues 
are usually benign but may be of the malig- 
nant variety, i.e., hemangioendothelioma. 
Blades and Paul [3] reported one case in 
which the patient died of generalized metas- 
tases after resection. When lying deep to the 
skin, the characteristic color and compressi- 
bility may not be observed. They may produce 
only a soft bulky mass and be mistaken for 
lipoma. They should be widely excised. If 
there is any suggestion of malignancy, the 
excision should include all layers of the chest 
wall. 


Lipoma 

Small, superficial lipomas present no prob- 
lem Large lipomas, even if they are ap- 
parently superficial, should be treated with 
respect. Appropriate x-ray studies with 
pneumothorax may be necessary to rule out a 
large intrathoracic component of the tumor. 

SECONDARY TUMORS OF THE 
CHEST WALL 

Metastatic Neoplasms 

Tumors metastatic to the chest wall are 
common. They most frequently arise from 
neoplasms primary in the breast, prostate, 
cervix, kidney, and thyroid. Frequently there 
is widespread metastatic involvement that 
makes such patients not amenable to surgery. 
At times, however, a tumor in the chest wall 
is the only metastasis that can be found. 
It may arise from a primary neoplasm that 
has been or can be locally controlled. The 
primary tumor may be obvious, or it may be 
occult and suspected only after histologic 
study of the metastasis. In the latter case, the 
metastasis is at first frequently mistaken for a 
primary tumor. 

Many of these occult primary tumors occur 
in the kidney or the thyroid gland and pro- 
duce osteolytic metastases that may pulsate 
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[2, 3, 17]. The pulsation has been so marked 
m some cases as to simulate an aneurysm 
[17], Griswold [12], in 1947, resected a pulsat- 
ing tumor of the sternum. The pyelograms 
were negative. The clinical diagnosis was 
hemangioma. Histologic studies showed the 
tumor to be a renal-cell carcinoma. The pa- 
tient died in the early postoperative period and 
the primary cancer was found in the kidney at 
autopsy. 

TREATMENT 

The value of resecting an apparently soli- 
tary metastasis is highly debatable. Although 
the salvage rate is low, there have been a few 
apparent cures [29]. If the risk and morbidity 
are not excessive, radical resection may be 
worthwhile. Under such conditions, little can 
be lost. 

Locally Recurrent Breast Carcinoma 

After radical mastectomy, carcinoma of the 
breast recurs in the operative field in 5 to 
10 per cent of the patients in whom the 
cancer was thought to be localized to the 
breast, and in 20 to 40 per cent of the patients 
with axillary metastases [37], This means that 
there is an enormous number of women who 
have cancer of the chest wall. 

What percentage have local recurrence 
without metastases is not known. It must be 
very low. White [38], in his experience at 
Roosevelt Hospital in New York City, had 
seen only one case up to 1951. Radical opera- 
tion for locally recurrent breast cancer goes 
back to the time of Schede in 1885, but there 
has been little said of the results obtained 
other than that the patient did or did not 
survive operation. 

TREATMENT 

Radical resection for locally recurrent 
breast carcinoma has been revived by Maier 
[22] and by Pickrell, Kelley, and Marzoni [26]. 
Maier’s paper is limited to a statement of the 
problems of reconstruction of the chest wall 
under such conditions and the solution of 
these problems. No final results are given. 
Pickrell and his associates also present suc- 
cessful methods of dealing with these defects. 
They reported three cases of recurrent cancer 
of the breast treated by radical excision of the 


Intrathoracic Tumors 
chest wall. Two of these were reported only 
to the time of discharge from the hospital; one 
was free of recurrence at twenty months. 
Long-term results of other workers are not 
reported. The worth of radical resection of 
the chest wall for recurrent breast cancer is 
yet to be determined It is yet to be demon- 
strated that the cure rate is of such order as 
to make the procedure worthwhile. 

We are of the opinion that extensive local 
recurrence should be treated by irradiation 
when possible. Small, superficial tumors 
should be locally excised if only a few are 
present. We would reserve the extensive block 
dissection for extensive recurrence that cannot 
be treated by x-rays. 

REPAIR OF CHEST WALL DEFECTS 

The repair of surgically made chest wall de- 
fects must re-establish the functional integrity 
of the chest wall. There must be a solid, air- 
tight closure. Enough rigidity must be attained 
so that there is little or no paradoxical respira- 
tion. 

Sternal Defects 

As pointed out by Bisgard and Swenson [2], 
major breaks in the anterior segment of the 
wall that result from resection of the sternum 
are much more significant than lateral chest 
wall defects because both sides of the chest 
are weakened. Further, unless good rigidity is 
obtained the heart may be directly com- 
pressed, but, probably more important, the 
venous cardiac return may be reduced owing 
to the rise of pressure in the mediastinum. 

In the repair of sternal defects, the extent 
of the defect, the age of the patient, and the 
character of the bony structure of the ribs 
determine what type of repair should be done. 

Resection of the manubrium or small por- 
tions of the sternum do not significantly im- 
pair the function of the chest wall. Kinselta 
resected the manubrium, a small part of 
the gladiolus, the medial one third of the 
clavicles, and the cartilages of the second and 
third nbs in a sixty-year-old man. He simply 
closed this defect with skin over the defect, 
with excellent results. There was little loss of 
stability and the patient did well. 

Defects that do not completely disrupt the 
rigidity of the chest wall may be adequately 
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Tumors of the Chest Wall 

closed by mobilizing the pectoral muscles and 
it, luring them together over the defect in the 
mid-lme, This type of repair is of value when 
a fairly good portion of the body of the ster- 
num is removed, leaving the manubrium and 
xiphoid and most of the costal attachments 
Heuer [17] reported a successful case treated 
in this manner, removing the lower two thirds 
of the body of the sternum. He stated that 
there was little loss of stability in his patient 


gladiolus, the rigidity must be restored. This 
can be done by using a tantalum plate as a 
temporary prosthesis until sufficient fibrosis 
occurs to support the chest wall, or the rigidity 
can be attained by the use of bone grafts. 

In younger individuals who have fair-sized 
ribs and whose ribs arc of good consistency, 
bone grafts arc preferable. As reported by Bis- 
card and Swensen, a section of a convenient 
rib is removed . this should be about one inch 



re-establuh bony continuity to the thoracic 
*°9* {from J. D. Bisgord and S A. Swenson, 
■)f. [2], courtesy Archive* of Surgery.) 


In the type of defects described above, special 
methods are unnecessary and little would be 
gained from their use. 

In such limited defects, bone-grafting pro- 
cedures, as advocated by Bisgard and Swenson 
and others and described later, are not appli- 
cable or necessary in older patients They are 
indicated in younger individuals in whom bet- 
,cr Paction, rigidity, and cosmetic effects 
are desired. These younger people are more 
su j’ect to trauma and their life expectancy is 
much longer. 

When rigidity of the chest wall is com- 
petely disrupted by excision of the entire 


oncer .han the defect. Thu it split lengthwise 
ind fc peg ends are fashioned The rib ends 
, ordering the defect are sprung further apart 
ind the split rib ends driven into their stumps. 
Further security is furnished by lashing the 
pint with sutures (Figure 33-1). 
cover can be obtained by simply closing the 
skin If further rigidity is desired, the pectoral 
muscles can be mobilized and sutured in the 
mid-lme over the defect (Heuer). 

Bone grafts from the tibia or fibula can be 
used in a like manner or after the manner of 
Kinsella [20] (Figure 33-2). 

In elderly patients with small nbs and senile 
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osteomalacia, these bone-graft methods do not 
work well. The ribs are usually too small and 
fragile to hold the grafts. Rigidity in these pa- 
tients may be achieved by the use of a tanta- 
lum plate. 

It is to be emphasized that this is a tem- 
porary prosthesis. It is impossible to anchor 
the tantalum plate so as to prevent all move- 
ment in the tissue. Collections of serosanguin- 
eous fluid occur invariably and usually drain 
spontaneously through the skin incision. How- 
ever, it can be left for sufficient time, i.e., 
about four weeks, for enough fibrosis to occur 


Intratlioracic Tumors 

brium, rib stumps, and xiphoid. The plate is 
mortised into these grooves under tension. 
Tantalum wire is passed through holes in the 
plate and around the rib stumps for added 
strength. The plate is covered only by sub- 
cutaneous tissue and skin. 

Repair of Costal Wall Defects 

Many successful methods have been devised 
for closure of defects of the costal portion of 
the chest wall. All must give sufficient rigidity 
to prevent paradoxical respiration and furnish 
an airtight closure. Consideration must be 



to provide adequate rigidity in these elderly 
people. All the covering necessary is skin and 
subcutaneous tissue. To bring the pectoral 
muscles over the plate is possible, but it adds 
magnitude to an already extensive operation 
in an elderly patient. 

Griswold [12] has used this temporary 
prosthesis with good results following the re- 
section of the entire gladiolus and the third to 
the seventh costal cartilages inclusive (Figure 
33-3). The plate should be at least 0.02 inches 
in thickness to keep it from buckling. It 
should be about 0.5 cm. larger than the de- 
fect. Grooves are cut in the bony portions of 
the edges of the defect, that is, the manu- 


further given to the amount of stability and 
protection needed by the individual patient. 
A young laborer requires more stability and 
protection than an elderly sedentary worker. 
More extreme procedures are justified in the 
former, while in the latter the more extensive 
surgery is not necessary and the increased risk 
is not justified. 

The choice of method further depends on 
such factors as the size and location of the 
defect and the condition of the soft tissue. The 
anterior portion of the chest is thinner, there 
is less muscle mass present, and it moves more 
than does the posterior portion. In general, 
it requires more stiffening than does the pos- 
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Fig 33-4. Diagrammatic representation of tumor and of method of repair of chest wall defect 
Kfrom R M - Jane » [18], eourfesy Journal of Thoracic Surgery) 



mo ® raw ' n 9 illustrating the findings at operation Note liver present- 

seamon? 09 < ,n * l5, °? ' n diaphragm in mid portion of defect and absence of 
(From f* ij f, * 5S ant * * en (Same ease *>* Figures 33 6 through 33-9.) 

aurer and B Blades [23], courtesy Journal of Thoracic Surgery) 
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osteomalacia, these bone-graft methods do not 
work well. The ribs arc usually too small and 
fragile to hold the grafts. Rigidity in these pa- 
tients may be achieved by the use of a tanta- 
lum plate. 

It is to be emphasized that this is a tem- 
porary prosthesis. It is impossible to anchor 
the tantalum plate so as to prevent all move- 
ment in the tissue. Collections of serosanguin- 
eous fluid occur invariably and usually drain 
spontaneously through the skin incision. How- 
ever, it can be left for sufficient time, i.c., 
about four weeks, for enough fibrosis to occur 
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brium, rib stumps, and xiphoid. The plate is 
mortised into these grooves under tension. 
Tantalum wire is passed through holes in the 
plate and around the rib stumps for added 
strength. The plate is covered only by sub- 
cutaneous tissue and skin. 

Repair of Costal Wall Defects 

Many successful methods have been devised 
for closure of defects of the costal portion of 
the chest wall. All must give sufficient rigidity 
to prevent paradoxical respiration and furnish 
an airtight closure. Consideration must be 



Fig 33-3 Tantalum pfata in place. The top insel »howj the incision. 
The bottom inset shows the details of the mortising of the plate into 
the ribs. 


to provide adequate rigidity in these elderly 
people. AH the covering necessary is skin and 
subcutaneous tissue. To bring the pectoral 
muscles over the plate is possible, but it adds 
magnitude to an already extensive operation 
in an elderly patient. 

Griswold f 12] has used this temporary 
prosthesis with good results following the re- 
section of the entire gladiolus and the third to 
the seventh costal cartilages inclusive (Figure 
33-3). The plate should be at least 0.02 inches 
in thickness to keep it from buckling. It 
should be about 0.5 cm. larger than the de- 
fect. Grooves are cut in the bony portions of 
the edges of the defect, th3t is, the manu- 


furthcr given to the amount of stability and 
protection needed by the individual patient. 
A young laborer requires more stability and 
protection than an elderly sedentary worker. 
More extreme procedures are justified in the 
former, while in the latter the more extensive 
surgery is not necessary and the increased risk 
is not justified 

The choice of method further depends on 
such factors as the size and location of the 
defect and the condition of the soft tissue. The 
anterior portion of the chest is thinner, there 
is less muscle mass present, and it moves more 
than docs the posterior portion. In general, 
it requires more sti/Tening than docs the pos- 
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resected rib as described by Janes [18] (Figure wall defects can be closed by tissue locally 
334). Maurer and Blades 123] describe two present. The methods described above are well 

methods in which moderately large defects suited to all but the largest defects. They give 

can be closed using local tissue. In the first, enough rigidity to prevent paradoxical rcspira- 

which is more applicable to smaller defects, tion and they give good stability and excellent 

the intercostal bundles arc simply mobilized, protection that is needed in vigorous men 

the periosteum is split along the rib border particularly laborers, 

furthest from the defect, and the flaps arc However, in women and elderly or seden- 
turned toward each other over the defect. The tary workers simpler methods will give enough 

intercostal muscle bundles arc sutured together rigidity to prevent significant paradoxical 

and then the layer of periosteal flaps is sutured respiration and give a good airtight closure, 

over this. In their second method, which is even in large defects; for example, rc- 

applicable to somewhat larger defects, the moval of one entire rib and generous portions 



fig 33 8 Illustrating method used to pull the eighth rib into position over the 
defect and to fix It in place with No. 1 chromic catgut sutures placed through small 
drill holes^ in corresponding positions at the end of the displaced eighth rib and 
the posterior stump of the ninth rib. (from E Maurer and B Blades {23}, courtesy 
Journal of thoracic Surgery.) 

abov S,eUm fl ^ S ac ^ acent 10 the defect of two to four other ribs along with their 

^ C ^ 0W ‘ s cut a '°ng the rib borders periosteum and the underlying pleura In such 

elevated Th™ ^ ^ e ^ ect a °d the periosteum patients a layer of fascia lata covered with 

’'•atd th ri 6 P er ‘ oslea ' fi a P s a r c turned to- mobilized flaps of skin and subcutaneous tis- 

anole t C ^ ectl r, ^ s arc then cut at an sue is adequate. 

be sw n S manner that the upper rib may We recently resected the entire eighth rib 
the ne^ °^ n attac ^ e d to the stump of and the posterior five inches of the sixth, 
place h K ’ ^ ^fect. It ts held in seventh, and ninth ribs en bloc along with the 

holes in th'^ SUtUres that are P ut through drill lower lobe of the left lung (Figure 33-10). 

«mdar m 6 nbs ' The ,0 ^ er rib is treated in a The part of the defect resulting solely from 

previously P er ' ostea I flaps that were resection of the eighth rib was easily closed 

, (figures are then sutured together when mobilizing the intercostal bundles (Fig- 

thes e dec * through 33-9). Both types of ure 33-11). The remainder of the defect, 

\ with flaps r f c P airs are then simply covered where the sixth, seventh, eighth, and ninth 

\ and skin ° m °I ,I lized subcutaneous tissue ribs were resected, was closed by fascia lata 

i As stated h x sutured around the edges of the defect with 

. y Maurer and Blades, most chest fine interrupted silk, as suggested by Watson 
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Fig 33 6. illustrating m«thcd used In preparing o perioiteoi Rap from the 
eighth ril<. {From E. Maurer and B. Blades 123], eourfoty Journal o I Thoracic 
Surgery.) 


tenor parfon of the chest. skin and subcutaneous tissue may afford 

Defects resulting from resection of small enough stability, 
benign tumors present no problem. Unless the If the patient is young and vigorous or if 
ribs are involved, simple closure of the soft the defect is somewhat larger, rigidity can be 
tissue is all that is necessary. If short seg- obtained by splitting an adjacent rib and 

ments of one or two ribs are removed, with bringing one end of the split fragment across 

or without the pleura, mobilization of flaps of the defect and attaching to the stump of the 
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Fig 33-11 Closure of the anterior port of the defect by mobilization 
of the intercostal bundles. The fascia lata graft is being sutured to the 
edges of the larger portion of the defect 


and James [37]. Flaps of skin and subcutan- 
eous tissue were mobilized above and below. 
As they were brought over the defect, the 
fascia lata was quilted to the inner surface 
»jth fine interrupted sutures (Figure 33-12). 
The flaps were brought together with a deep 
ayer of fine interrupted silk and a layer of 
S m ” a P s ‘ The patient ran a smooth operative 


course and has since had no difficulty attri- 
butable to the repair. 

Large anterior chest wall defects can be 
similarly treated. As advocated by Campbell 
[5], for additional support the latissimus dorsi 
muscle can be swung on its attachment to the 
humerus, which is also, for surgical purposes, 
its vascular pedicle composed of the thoraco- 
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Fig 33-9. Showing the completed operation. The eighth ond eleventh ribs hove 
been cleaned of periosteum ond pulled into position over the defect Note method 
of Immobilizing the displaced ribs accomplished by cutting through the ribi tan- 
gentially and fixing them to the rib stumps of the ninth and tenth ribi with No. 1 
chromic catgut juturei placed through drill hole* The periosteal flap* were approx- 
imated under tension over the central portion of the defect. (From C. Maurer ond 
B Blades [23], courtesy Journo/ of Thorocfc Surgerv) 



Fig 33-10. Defect present after resection of entire eighth rib ond 
long segments of sixth, seventh, and ninth ribs and the lower lobe of 
the left lung. The inset shows the extent of resection, (Some cose os 
Figures 33-11 ond 33-12.) 
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dorsal artery and vein. This pedicle of latis- 
simus dorsi will reach any place in the 
hemithorax. This procedure is usually not ap- 
plicable m cases of resection for locally re- 
current breast carcinoma, because this pedicle 
blood supply of the latissimus muscle is usu- 
ally compromised by the previous radical 
mastectomy operation. 

Moderately large defects of the anterior 
chest wall resulting from resections for locally 
recurring breast cancer require rather exten- 
sive repair. The closure of such defects is 
complicated by the damage to the local tissue 
frequently present from previous irradiation 
and by the absence of the pectoral muscles. 
The damaged tissue must be removed to get 
good healing If the pleura is included in the 


resection, as it usually should be, fascia lata 
can be sutured around the edges of the defect. 
This can be covered by swinging over a flap 
formed from the other breast, which may be 
brought over from a superior or inferior 
pedicle (Pickrcll, Kelley, and Marzoni 126]). 
As the breast flap is brought over, the fascia 
lata should be quilted to the deep surface of 
the flap with interrupted fine sutures to assure 
approximation of the two layers, as the fascia 
lata receives it nourishment from the flaps. It 
may be necessary to use split-thickness skm 
graft to cover the region bared by the breast 
flaps. (For a discussion of the closure of chest 
wall defects following extended radical resec- 
tions of the breast and chest wall, see Chap. 
4.) 



CHAPTER 34 


Treatment of Benign Tumors of the Esophagus 

Sfuarf W. Harrington 


The occurrence of benign tumors of the PATHOLOGY OF BENIGN ESOPHAGEAL 
esophagus has been Known since a very early TUMORS 

period, as pedunculated polyps were rccog- Benign tumors of the esophagus are of 
nized because of the periodic appearance of two general groups: the mucosal and the 

the tumor or its extrusion into the mouth of cxtramucosal or intramural tumors. They may 

the patient. Their treatment is probably the arise at any point in the esophagus and may 

earliest of recorded surgical procedures for be single or multiple (Figures 34-1 and 34-2). 

esophageal tumors. The" mucosal tumors arc of two types: lipofi- 

A great variety of benign tumors may orig- bromas, which usually have a single pedicle, 

inate in the esophagus. Among them are: and fibromyxomas, which often have multiple 

adenoma, aberrant thyroid, cyst, fibroma, pedicles. The mucosal tumors are generally 

hemangioma, leiomyoma, mucocele, myoma, sessile and frequently become pedunculated, 

myxofibroma, lipoma, neurofibroma, papil- owing to their position and the peristaltic ac- 

loma, and polyp. Most authors state that tion of the esophagus, which tends to mold 

polyps are the most common type of benign and elongate the tumor. Thus, a tumor origi- 

tumor of the esophagus; however, our experi- nating in the upper end of the esophagus may 

ence reVeaIs that leiomyoma is the most com- extend down to the cardia or even through it 

toon benign tumor of this location. and into the stomach (Figures 34-3 and 34-4). 

Sussius (Susio) is credited by Minski [11] The dependent portion of the tumor is usually 

earliest necropsy descriptions rounded and tapers toward the base, but it 

. . ' an esophageal polyp. It had ex- may assume various shapes and may be bifid 

- ^ rom m| ddle part of the esophagus or lobulated, 

^ e cardia of the stomach, causing obstruc- The cxtramucosal or intramural tumors 
and M' ns Ki also credited to Dallas arise from the muscle of the wall of the 

su ' , r0e one the earliest attempts at esophagus. Tumors arising from the outer 

logical removal, which was carried out by coats of the esophagus tend to escape the 

ln 1763 on a sixty-four-year-old patient peristaltic pull and seldom become pedun- 

Iat«l r* VOtn ! t,n S* forced multiple peduncu- culated. 

la T° rS ' nt0 . the mouth > causing severe A benign tumor of the esophagus is usually 
) geal obstruction A preliminary tracheot- covered with normal-appearing mucosa, al- 

" as P er formed and a portion of the though regions of ulceration may develop as 

Residu ] tCd tUmors was lighted with a snare. a result of pressure or trauma (Figures 34-5 

tototh 3 tUm ° r " as P ermitted to drop back and 34-6). They are usually of multicentric 

■ly relte eS ,° pha 2 us - The patient was temporar- origin. Multiple leiomyomas involving a con- 
ation ih bUt d ' ed two years later from star ' siderable part of the wall of the esophagus or 

from c ? rcsu R of esophageal obstruction leiomyomatosis involving the entire circum- 

tomots ° Dtinued growth of the remaining ference of the esophageal wall may be noted. 

Occasionally there is a single circumscribed 
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CHAPTER 34 


Treatment of Benign Tumors of the Esophagus 

Stuart W. Harrington 


The occurrence of benign tumors of the 
esophagus has been known since a very early 
period, as pedunculated polyps were recog- 
nized because of the periodic appearance of 
the tumor or its extrusion into the mouth of 
the patient. Their treatment is probably the 
earliest of recorded surgical procedures for 
esophageal tumors. 

A great variety of benign tumors may orig- 
inate in the esophagus. Among them are: 
adenoma, aberrant thyroid, cyst, fibroma, 
hemangioma, leiomyoma, mucocele, myoma, 
myxofibroma, lipoma, neurofibroma, papil- 
loma, and polyp. Most authors state that 
polyps are the most common type of benign 
tumor of the esophagus; however, our experi- 
ence reveals that leiomyoma is the most com- 
mon benign tumor of this location. 

Sussius (Susio) is credited by Minsk! [ill 
with one of the earliest necropsy descriptions 
(1559) of an esophageal polyp It had ex- 
tended from the middle part of the esophagus 
to the cardia of the stomach, causing obstruc- 
tion and death. M inski also credited to Dallas 
and Monroe one of the earliest attempts at 
surgical removal, which was carried out by 
t em in 1763 on a sixty-four-year-old patient 
who, on vomiting, forced multiple peduncu- 
ated tumors into the mouth, causing severe 
aryngeal obstruction. A preliminary tracheot- 
omy was performed and a portion of the 
pedunculated tumors was ligated with a snare. 
Residual tumor was permitted to drop back 
into the esophagus. The patient was temporar- 
ily relieved but died two years later from star- 
vation, the result of esophageal obstruction 
from continued growth of the remaining 
tumors. 


PATHOLOGY OF BENIGN ESOPHAGEAL 
TUMORS 

Benign tumors of the esophagus are of 
two general groups, the mucosal and the 
cxtramucosal or intramural tumors. They may 
arise at any point in the esophagus and may 
be single or multiple (Figures 34-1 and 34-2). 

The mucosal tumors arc of two types: lipofi- 
bromas, which usually have a single pedicle, 
and fibromyxomas, which often have multiple 
pedicles. The mucosal tumors arc generally 
sessile and frequently become pedunculated, 
owing to their position and the peristaltic ac- 
tion of the esophagus, which tends to mold 
and elongate the tumor. Thus, a tumor origi- 
nating in the upper end of the esophagus may 
extend down to the cardia or even through it 
and into the stomach (Figures 34-3 and 34-4) 
The dependent portion of the tumor is usually 
rounded and tapers toward the base, but it 
may assume various shapes and may be bifid 
or lobulatcd. 

The cxtramucosal or intramural tumors 
arise from the muscle of the wall of the 
esophagus. Tumors arising from the outer 
coats of the esophagus tend to escape the 
peristaltic pull and seldom become pedun- 
culated. 

A benign tumor of the esophagus is usually 
covered with normal-appearing mucosa, al- 
though regions of ulceration may develop as 
a result of pressure or trauma (Figures 34-5 
and 34-6). They arc usually of multicentric 
origin. Multiple leiomyomas involving a con- 
siderable part of the wall of the esophagus or 
leiomyomatosis involving the entire circum- 
ference of the esophageal wall may be noted. 
Occasionally there is a single circumscribed 
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Fig 34-1. Multiple pedunculated myxofibromas in the upper half of the esophagus, for which left 
cervical esophagatomy was performed, a. On admission. The dilatation of the esophagus was orig- 
inally thought to be due to cardiospasm b. One month after left cervical e soph a goto my The findings 
with reference to the esophagus were negative and there were no symptoms c. Surgical specimen. 
Pedunculated myxofibromas arising from the esophageal Introitus (Figures 34-la and c from S W. 
Harrington and H. J. Moersch [7J, courtesy Journal of Thoracic Surgery ) 
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tumor. When the tumors are benign, they us- 
ually do not involve the mucous membrane, 
but they may undergo malignant change and 
invade the mucosa, causing ulceration and 
hemorrhage (Figures 34-7 and 34-8) 

SYMPTOMS OF BENIGN ESOPHAGEAL 
TUMORS 

The subjective symptoms and clinical mani- 
festations are often meager, a fact that often 


Tumors of the Esophagus 
able. Regurgitation may take place at times 
and varies with the degree of esophageal ob- 
struction. Loss of weight may occur and 
usually corresponds to the degree of 
dysphagia. Less frequently, the patient may 
pass blood by stool or emesis If the tumor is 
large, and especially if it is of the intramural, 
cxtramucosal type, there may be a sense of 
substernal discomfort associated with cough 
and expectoration. Tumors arising in the lower 



Fig. 34-3. Large, pedunculated lipoma originating from the upper port of the eiophagus, for which right 
thoracic esophagotomy wa» performed, with complete removal of the tumor, a. On admission There is marked 
dilatation and displacement of the esophagus into the right thoracic cavity. The cardia is normal b. Two months 
after right transthoracic esophagatamy and removal of the tumor. The esophagus is reduced in size but is Sti 
moderately dilated. 


delays clinical recognition The tumors are 
usually slow-growing and they may attain con- 
siderable size without giving rise to subjective 
symptoms. This is particularly true of the in- 
tramural tumors, which rarely produce ob- 
struction of the esophagus unless they attain 
great size. 

Dysphagia is the most frequent symptom. 
Its onset may be sudden and severe, or in- 
sidious; it is often intermittent The size that 
a benign tumor of the esophagus may attain 
without interfering with deglutition is remark- 


end of the esophagus may give rise to a sense 
of epigastric discomfort. 

DIAGNOSTIC METHODS FOR 
ESOPHAGEAL TUMORS 

The diagnosis of benign tumors of the 
esophagus can be made with ease when the 
patient presents a history of regurgitation of 
a fleshy tumorous mass into the mouth. 
Roentgenologic examination of the esophagus 
is of great value in establishing a correct diag- 
nosis and in differentiating a benign tumor of 
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Fig 34-5 MulticsntrTc leiomyoma Involving two thirds of the circumference of the lower 5 inches of the esopha- 
gus, treated by means of right transpleural esophagotomy, wrth complete removal of the tumor, including part of 
the mucous membrane, and reconstruction of the wall of the esophagus a. Thorax on admission. There is a rounded 
mass at the cardiophrenic angle posterior to the heart shadow, considered to represent diaphragmatic hernia, medi- 
astinal cyst, or leiomyoma. There were no subjective symptoms b. Esophagus on admission The tumor attached to 
and distorting the lower port of the esophagus on the right is probably □ leiomyoma There is a small esophageal 
hiatal hernia c Six weeks after right transpleural esophagotomy, with complete removal of the leiomyoma. There 
is a slight defect at the site of excision of the tumor, also, there is a small esophageol hiatal hernia which was 
present before operation. 



Fig. 34-6. Some case os Figure 34-5 Surgical speci- 
men. Multicentrie leiomyoma measuring 10 X 7 5 X 
5.5 cm. and involving two thirds of the circumference of 
the lower 5 inches of the esophagus 

the esophagus from an extraesophageal tumor 
pressing upon the esophagus However, a defi- 
nite diagnosis cannot always be established by 
roentgenologic examination alone. This applies 


even to tumors that are extremely large and 
that may fill the esophagus entirely. 

Esophagoscopic examination is of utmost 
importance. The site of origin of the pedun- 
culated tumors usually can be determined 
definilely. However, difficulty is encountered 
especially in the esophagoscopic differentiation 
between intramural, extramucosal tumors and 
extraesophageal tumors pressing upon the 
esophagus and deforming it. 

SURGICAL TREATMENT OF BENIGN 
ESOPHAGEAL TUMORS 

The only effective treatment for benign 
tumors of the esophagus is complete surgical 
removal. Although these tumors seldom 
undergo malignant change, they may do so — 
a fact that emphasizes the necessity for early 
and prompt treatment. 

The earliest operations on the esophagus 
were of the simplest type, such as esophagot- 
omy for the removal of foreign bodies. The 
earliest recorded operation of this type was 


Fig. 34-7 Diffuse leiomyosarcoma involving the lower third of the esophagus, treated by meons 
of left transpleural and transdiaphragmatie resection of the lower half of the esop agu a 
cardiac end of the stomach, with esophogogastroanastomosis. a On admission A tumo 
lower third of the esophagus extends to the cord.a, displacing the esophagus to the left ana 
causing part.ol obstruction (From S. W. Harrington [6], courtesy Archives of Surgery b nve 
years after left transpleurol and transdiaphrogmatic resection of the lower half of the esop g 
ond the cardiac end of the stomach, with esophogogastroanastomosis The esophagogastroanas- 
tomosis was patent and there were no symptoms. 




538 


Tumors of the Esophagus 




Q 


Fig 34-9. Single intramural leiomyoma in the mid-third of the esophagui treated by means of left transpleural 
esophogotomy, with complete extromucosal removal of the leiomyoma, and reconstruction of the wall of the esoph- 
agus a On admission. A filling defect is present in the right wall of the mid-esophagus, considered to represent a 
leiomyoma The esphageal lesion was found during routine roentgenologic examination of the esophagus at the 
time roentgenograms of the stomach were being made because of suspected peptic ulcer. Roentgenograms of the 
stomach did not disclose any abnormality, b. Photograph token ot the operating table showing -esophogotomy and 
complete extramucosal removal of a single leiomyoma in the mid third of the esophagus, measuring 7X3X3 
cm. and weighing 60 Gm. c On dismissal, three weeks after esophogotomy for the removal of a single leiomyoma 
and reconstruction of the wall of the esophagus The esophagus appears normal. 




Fig 34-10 Diffuse leiomyoma of the lower third of the esophagus and the cordial fourth of the 
stomach treated by means of right transpleural and transdiaphragmotie resection of the lower half 
of the esophagus and cardial third of the stomach, with esophagogastraanastomosis. a Tumor in 
the tower and mid right portions of the thoracic cavity extending to the diaphragm b. Marked dis- 
placement of the lower half of the esophagus into the right thoracic cavity and questionable 
esophageal hiatal hernia, (b from S. W, Harrington [61, courtesy Archives of Surgery ) 




Treatment of Benign Tumors of the Esophagus 
that of Goursauld in 1738. Because of post- 
operative infection, these early operations 
were rarely successful. No important progress 
was made in this field of surgery until the 
development of methods of preventing col- 
lapse of the lung during operation and pneu- 
mothorax after operation. 
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also be necessary if the pedicle of the tumor 
is situated low in the esophagus. (Sec Chaps. 
35 and 36 for the details of surgical ap- 
proach ) 

The type of indicated operative procedure 
for intramural tumors cannot be definitely de- 
termined by the clinical examinations because 



Fig. 34-11. Same caie a* Figure 34-10. At operation, showing position of the 
diffuse leiomyoma of the entire muscular wall of the lower third of the esophagut, 
extending into the outer wall of the cordial fourth of the stomach. 


The type of operation depends on whether 
c growth is submucous, pedunculated, in- 
ramural, or arises from the muscular coat of 
e eso phagus The pedunculated tumors may 
>c more accessible; and if the tumor is small 
10 as its origin high at the introitus, it may 
»c removed through the mouth with a snare 
Cautcr y- Larger tumors of this type rc- 
uirc cervical esophagotomy. The tumors may 
m such huge size as to require trans- 
"oracic esophagotomy. This approach may 


of the difficulty in determining the type or 
extent of the growth; and the decision must 
await operative exploration. If the intramural 
tumors involve only a segment of the esophag- 
eal wall, they may be removed by trans- 
thoracic and transpleural local excision of the 
tumor from the wall, which is then recon- 
structed (Figure 34-9). If the growth involves 
the entire esophageal wall, its removal will re- 
quire transthoracic and transpleural resection 
of the esophagus and transdiaphragmatic 
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tinal structures. The other leiomyosarcoma 
was completely removed along with the lower 
half of the esophagus and the cardial end of 
the stomach, and a transdiaphragmatic 
esophagogastroanastomosis was done. This pa- 
tient recovered from operation and has had 
relief of symptoms and no recurrence of the 
tumor for five years following the operation. 


Tumors of the Esophagus 
In summarizing the results in the series of 
fourteen cases, it may be said that one patient 
died following operation, one had an inoper- 
able malignant neoplasm, and twelve recov- 
ered from operation and have been relieved 
of symptoms for periods varying from ten 
months to eleven years after operation. 
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CHAPTER 35 


Surgical Management of Malignant Tumors 
of the Esophagus 

Ric/iard H. Sweet 


Intelligent surgical treatment of malignant 
esophageal tumors must be based upon an 
understanding of the biologic characteristics 
of the neoplasms. Epidermoid carcinoma is 
the growth most frequently encountered. Al* 
though it bears some histologic similarities to 
the relatively benign carcinomas of the skin 
that grow slowly and metastasize late, carci- 
noma of the esophagus is a highly malignant 
tumor, comparable in the degree of malig- 
nancy to epidermoid carcinoma of the anal 
canal. By the time patients suffering from this 
cancer reach the operating table, the growth 
has in a large number of instances already 
infiltrated the muscular wall of the esophagus 
.Wise, in cases amenable to surgical ex- 
tirpation, 52.5 per cent of these tumors have 
already metastasized to the regional lymph 
no es. Thus, even in the majority of patients 
w ose growth can be removed, the possibility 
o cure is already seriously compromised by 
e time the patient reaches the surgeon. The 
perative procedure should therefore include 
ti«i, m0S !. eXtens ' Ve P 0ssi hle extirpation of the 
3re ,lkel y {o he involved in the 
s Fead of the cancer. 

lowe r Cert j ° P ro P ort ' on °f carcinomas in the 
nonw^Ti. °* eso phagus are adenocarci- 
tnc in 6 ™ a j° rit y of ^ ese are actually gas- 
mem , on § m > arising from the mucous 
probahl 6 T° f the sfomach at th e cardia. It is 
of the 1 3 S ? l ^ at iotrinsic mucous glands 
site of a ^ £a ' mucosa may become the 
hut thp 1 ^ nant neo plasia in some instances, 

ansma frn ent,ati ° n of these from tumors 
cult an<i He ^ astric mucous membrane is diffi- 
Mahon D ° practlcal importance. 

S ant tumors of the esophagus other 


than carcinoma occur infrequently. Two types 
that arise from muscle cells may be encoun- 
tered. Leiomyosarcomas of smooth muscle 
fiber origin may develop at any level within 
the esophagus. In the upper end, sometimes as 
far down as the superior mediastinal segment, 
where there may be a few striated muscle 
fibers, an occasional case of rhabdomyosar- 
coma may be seen. Tumors of the sarcoma 
group tend to infiltrate, and local recurrence 
is frequent. 

In a few instances at the lower end of the 
esophagus a peculiar form of malignant neo- 
plasm involving two types of epithelial cells 
is encountered. It is usually designated 
adc noacanthoma. Though rare, it occurs more 
frequently than tumors of the sarcoma group. 

Another rare type of growth occasionally 
encountered consists of a combination of cells 
arising from both the epithelial and the mus- 
cular layers. It is spoken of as a carcino- 
sarcoma. 

Lymphoma of the esophagus is sometimes 
observed. It is usually discovered only after 
extirpation of what was thought to be a car- 
cinoma. If there is a generalized lymphoma 
with lymph node involvement, the diagnosis 
can be made by lymph node biopsy and the 
patient thereby spared the ordeal of a major 
operation because of the usual susceptibility 
of these tumors to the effects of roentgen ir- 
radiation. 

PROBLEMS OF SURGICAL EXCISION 

The technical problem involved, insofar as 
the esophagus is concerned, has to do with 
the regional lymph nodes which may be the 
site of metastases and the topographic rela- 
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tions of the esophagus itself. 

Considering the esophagus as a whole, there 
arc six important groups of lymph nodes to 
which mctastascs may spread. These are as 
follows (Figure 35-1): (1) the cervical group, 
comprising all the deep lymph nodes of both 
sides of the neck; (2) the superior mediastinal 
group, which lies in relation to the trachea, 
the esophagus in that region, and the great 



fig. 35-1. Diagram of the principal groups of lymph 
nodes that may become invaded by mefastases from 
carcinoma of the esophagus. 

vessels (paravascular nodes); (3) the sub- 
carinal and peribronchial groups, which lie in 
relation to the major bronchi of both lungs; 
(4) the periesophageal nodes of the lower 
mediastinum, which communicate with the 
nodes in the pulmonary ligaments; (5) the 
paracardial group, which consists of a ring of 
nodes encircling the gastric cardia and the 
abdominal segment of the esophagus; (6) 
the left gastric group, a large and important 
cluster of nodes that is found along the proxi- 
mal portion of the lesser curvature of the 
stomach and around the origin and branches 
of the left gastric artery. 

Obviously, U is impossible to remove all 
these groups of regional lymph nodes in any 


Tumors of the Esophagus 
one ease of carcinoma of the esophagus. It is 
apparent also that the extent of regional node 
excision possible in any case depends upon 
the region in which the primary growth lies. 
In general, the direction of lymph node drain- 
age, as manifested by the greatest frequency 
of mctastascs to the various anatomic groups, 
appears to be downward. Thus, in carcinoma 
of the cervical segment, although the nodes 
in both sides of the neck are frequently in- 
volved, those in the superior mediastinum are 
often likewise invaded. When the superior 
mediastinal segment of the esophagus is the 
site of the primary tumor, not only arc the 
nodes in that portion of the mediastinum fre- 
quently invaded but also those in the peri- 
bronchial and subcarinal regions, and often 
even those in the lower mediastinum or upper 
abdomen. From this point downward, the 
nearer the growth lies to the diaphragm, the 
greater is the tendency for the lower medi- 
astinal, the paracardial, and the left gastric 
groups of nodes to be involved in metastases. 
In fact, the latter two groups of nodes are in- 
volved in over 70 per cent of all those cases 
of carcinoma of the thoracic portion of the 
esophagus, below the superior mediastinal seg- 
ment, where proved mctastascs to lymph 
nodes are found. 

With this knowledge of the behavior of 
mctastascs to lymph nodes and the peculiar- 
ities of the anatomic relation of the esophagus, 
the possibility of performing a completely 
satisfactory ablation of the cancerous tissues 
in a given case of carcinoma of the esophagus 
bears a direct relation to the location of the 
growth. Thus, it will be seen that in the cervi- 
cal segment the confines of the region and 
the proximity of important structures such as 
the trachea, the recurrent laryngeal nerves, 
and the great vessels of the carotid sheaths 
preclude the removal of any large amount of 
periesophageal tissue. Furthermore, the neces- 
sity for preserving the blood supply to a flap 
of skin and platysma muscle that is to be em- 
ployed to bridge the gap after the resection 
has been carried out prevents the performance 
of a wide bilateral cervical lymph node dis- 
section. (For a discussion of the indications 
and technic of bilateral neck dissection, see 
Vol. Ill, Chap. 43.) In the neck, therefore, 
it is practically impossible to approach the 
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ideal radical extirpation necessary for a suc- 
cessful result from the point of view of cure. 
It should be pointed out that the curability of 
carcinoma in this segment cannot be improved 
by performing a total esophagectomy because 
of these same limitations imposed upon the 
possibility of effecting a thoroughly radical 
extirpation of the local cancer and the regional 
nodes. 

In the superior mediastinum the situation is 
scry similar to that when the gross th lies in 
(he cervical segment, because of the limited 
extent of local and regional dissection that 
can be carried out owing to the restrictions 
of the region involved. 

From the superior mediastinum downward, 
however, the possibility of performing a rea- 
sonably satisfactory wide excision of the pri- 
mary tumor along with an adequate number 
of regional lymph nodes increases. Although 
there is little opportunity to remove a large 
enough number of the nodes in the peribron- 
chial and subcarinal regions, it is possible to 
excise a large number of the lower medias- 
tinal nodes and practically all those in the 
paracardial and left gastric regions. This fact 
13 reflected in the five-year survival rate of pa- 
rents wiih carcinoma of the esophagus after 
radical resection. 


CHOICE OF CASES FOR SURGICAL 
RESECTION 

H is the responsibility of the surgeon to 
empt a resection whenever there is a rcason- 
In ^ ros P cc * tbat the growth can be removed, 
e practice of this policy, approximately 
per cent of patients can be explored and 
tabl<» ° SC CX P lorcd > 75 P er cent have a rcsec- 
whl £r ° Wlh L [101 ’ This all cases, 

pos , lK ? r Pr ° bably curablc or not. Thus, it is 
of all C 1 ° P cr ^ orm a resection in 65 per cent 
1 an patients seen. 

not P er cenl patients who should 

cludf> p °£ Cratcd 0n > the contraindications in- 
lungs kiH enCC ° f SCri ° US disease of thc hcart > 
Spread ST' m ° re fre ^ntly, evidence 
extension thc carcinoma, either by direct 
(spine t L VUal contiguous structures 
tases to a .. cobronchia l fistula) or metas- 
age of a mr 0r ? ans Oi- Vcr , etc.). Advanced 
dication. P 1601 * S not ' n ltself a contrain- 


Of those who arc explored without thc ac- 
complishment of a resection, thc usual causes 
for inoperability arc local fixation or invasion 
of vital structures such as the aorta, thc 
trachea, bronchi, or thc pericardium, or evi- 
dences of irremovable nictastascs to inacces- 
sible nodes or the liver. On rare occasions the 
operation may have to be terminated because 
of deterioration of thc patient’s condition or, 
as in two instances, because of thc presence of 
an area of localized arteriosclerotic weaken- 
ing of the aorta or such fragility of thc aortic 
Wall that rupture might occur if it were 
pressed upon during thc process of dissecting 
free an adherent carcinoma. 

OPERATIVE TECHNIC 

For the purpose of description, it is ex- 
pedient to start with thc procedure employed 
for thc removal of carcinoma of thc lower end 
of thc esophagus and cardia. With a growth 
at this level, thc operation can be made to 
approach thc theoretically ideal cancer oper- 
ation. It is then necessary merely to describe 
thc modifications of thc procedure that arc 
required to deal with neoplasms in thc various 
higher levels. 

Operation for Carcinoma of the Lower 
Esophagus and Gastric Cardia: Proxi- 
mal Partial Gastrectomy and Esopha- 
gectomy with Low Intralhoracic 
Esophagogastroanastomosis 
For a growth involving primarily the lower 
end of thc esophagus and gastric cardia, a left 
standard thoracotomy incision, including the 
resection of thc entire eighth rib, is employed 
19]. Thc patient is placed on his right side with 
thc arms forward and thc knees bent to help 
maintain a stable position. The operating table 
should be angulatcd m thc middle to produce 
a lateral bend of the patient, which arches the 
left hemithorax upward in order to spread the 
ribs slightly. The skin incision should extend 
from the left costal border along the course 
of the eighth rib to the angle, whence it 
should curve upward for a short distance. As 
soon as the skin is divided, towels are attached 
to each edge to cover all but the actual field 
of operation. 

The muscles that must be divided are the 
latissimus dorsi, the lowermost portion of the 
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trapezius, the serratus anterior, and a portion 
of the erector spinae muscle posteriorly. The 
eighth rib costal attachments of the external 
oblique muscles arc parted anteriorly. The 
eighth rib is resected, cutting it in front 
through its cartilaginous segment and in back 
through its neck (Figure 35-2). The peri- 
osteum and pleura arc mciscd and with the 
wound edges well protected by large pads of 
gauze, a rib spreader is inserted to gam an 
adequate exposure. 

For carcinoma near the cardia, it is rarely 
necessary to enlarge the incision cither in front 
(by cutting the costal cartilage) or in back 
(by dividing the superjacent ribs) [9]. 


Tumors of the Esophagus 
pericardium and a short incision is made 
through the muscular portion of the dia- 
phragm in the direction of its libers. Explora- 
tion of the upper abdomen through this 
preliminary incision will detect the presence 
or absence of metastases to the liver or the 
lymph nodes in the paracardial and left gas- 
tric artery regions. If no reason for abandon- 
ing the operation is found, the diaphragmatic 
incision is enlarged by extending it through 
the margin of the esophageal hiatus. Close 
to the margin of the hiatus one should find the 
arch of the left inferior phrenic artery for 
ligation and division. The incision thus com- 
pleted gives a wide exposure of the left sub- 



If the left lung is adherent to the parietal 
pleura and diaphragm, an extensive dissection 
must be carried out to free it sufficiently to 
expose the entire diaphragm and the medi- 
astinal pleural reflection from the level of the 
aortic arch down. 

The esophagus is exposed through a longi- 
tudinal incision in the pleura anterior to the 
descending aorta a few inches above the dia- 
phragm. After the esophagus has been freed 
by blunt dissection above the level of the 
tumor, a strip of Penrose drain (rubber) is 
passed around it to aid in retraction. The 
growth is then explored to decide whether or 
not it can be removed (Figure 35-3). If ex- 
cision appears to be feasible, the phrenic nerve 
is crushed at the point where it leaves the 


diaphragmatic region and the lower half of 
the left thoracic cavity. 

The dissection is begun by freeing the lower 
esophagus, starting at a level several inches 
above the growth. One or two esophageal 
branches of the aorta must be divided and 
tied, along with several small vessels, both 
arteries and veins, which enter into the col- 
lateral circulation in this region. As the lower 
segment of the esophagus is mobilized, the 
periesophageal group of lymph nodes must be 
freed and left attached to the portion which is 
to be excised. As the dissection is carried 
downward into the upper abdomen, the attach- 
ments within the esophageal hiatus of the 
diaphragm and the peritoneal reflections from 
the superior pole of the spleen, the fundus of 
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the stomach, and the gastrohcpatic ligament 
must be severed. At this level, branches of the 
inferior phrenic, superior suprarenal, and as* 
ccnding trunks from the left gastric arteries 
must be divided. In a large percentage of 
patients an anomalous artery is found in the 
subdiaphragmatic portion of the gastrohcpatic 
ligament, extending from the upper branches 
of the left gastric artery to the porta of the 
liter. This vessel must be severed. In certain 
instances the growth or its mctastascs in the 


is encountered. With the division of this vessel 
the only remaining attachments of the upper 
portion of the stomach arc those around the 
left gastric vessels, including the lymphatic 
communications with the channels around the 
celiac axis and the termination of the right 
vagus nerve which frequently can be identified 
in this region as a large single trunk. These 
tissues and the left gastric artery and vein arc 
severed between long hemostatic forceps and 
ligated. The division of the left gastric artery 



»B- 35-3, Expoturo of lh# lower esophagus for exploration through a linear incision in the 
me lostmol pleurol reflection anterior to the descending aorta (Inset) Exposure of the cardia 
proximal portion of the stomach by incision of the diophrogm (From Nelson loose Leaf 
Surgery [8].) 


paracardml lymph nodes may be so adherent 
a rim n l a j glns of thc esophageal hiatus that 
with dia Pb ra gm should be excised along 
** thc at,ac hed tumor mass, 
has tlie ,lbcratl0n °f the lower esophagus 
the ctnm a< * om P llshed - the upper portion of 
This rv, , aCh f mUSt bc freed < Fl g urc 35-4). 
gas, recoil, °f lhe disscction is begun in thc 
re°ion 1C ' gament where . in an avascular 
sors into l ,ii 1 0pening is matle with scis- 
the attnp? CSSCr omental bursa. Division of 
Stater curoat ntS ° f tb ® stomach along thc 
the left „ ure at this level involves cutting 
brevia thm r ? C P'P Io ‘ c ve ssels and the vasa 
spleen’ At . n § the stomach from thc 
branch of th ' S ^ a f c °mplished, an isolated 
Posterior c„rf! Sp ® nlc arter y that enters the 
ace °f tbe fundus of the stomach 


is made as close as possible to its origin from 
the celiac axis in order to remove all the 
lymph nodes which lie m relation to thc 
branches of thc artery as they approach the 
lesser curvature of the stomach. Unfortun- 
ately, it will be observed in some patients that 
thc metastatic lymph node involvement in this 
region is not confined to the left gastric group 
but has actually extended to communicating 
nodes around the celiac axis and along the 
abdominal aorta or behind the pancreas. Ob- 
viously, these nodes cannot be removed and 
the most that can be expected under the cir- 
cumstances is to provide palliation without 
hope of cure. 

Although thc lower esophagus and proximal 
half of the stomach have been completely 
mobilized as a result of the dissection thus far 
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stomach is held with the greater curvature 
and fundus uppermost and the site of transec- 
tion is prepared by dividing the vessels at 
appropriate levels on each curvature. On the 
greater curvature a long portion of normal 
stomach can be preserved. On the lesser cur- 
vature, however, the site of transection must 
be several inches below the cardia at a point 
where the vessels can be severed distal to the 
group of lymph nodes that must be removed. 


Kochcr variety. Of these, the latter is prefer- 
able because the curvature of the blades 
makes it possible to save more of the stomach 
than when the straight Payr clamp is used. 
The other style, known as a Scudder clamp, 
has long, curved or straight, fenestrated blades 
through which a suture can be passed. If only 
a crushing clamp is available, two such clamps 
are applied and the stomach is cut close to 
the distal clamp with a knife (Figure 35-5). 



iVUMil ° f the vessels must he made 
the l throu Sh the descending branches ol 
stanr! ,£ astric artcr y or evc o in some in. 
the n !L» rou 8^ the anastomotic branches ol 
the » ^ as, . r * c arter y. Thus, the direction ol 
oblian?T Ctl ° n 0{ thc st °mach must be 
lesser eaVm§ 3 short distal P ortion of thc 
of the TValure an( l preserving a long portior 
01 the greater curvature. 

been dL;!j e j VeSSels alon 2 lhc curvatures have 
at the levef l0 ° S gaS,ric c,am P is applied 
damn Ch0SCn for vision. Two types ol 
" '° r lhis F-r~ One i, 

8 clamp such as the Payr or thc 


A strand of 00 catgut provided with a straight 
atraumatic needle is then employed to suture 
thc stomach wall by passing thc needle back 
and forth from one curvature to thc other 
beneath thc blades of thc clamp. The clamp 
is then removed and thc edges of thc stomach 
wall thus freed arc sutured over and over back 
to thc starting point, using thc same suture 
and needle (Figure 35-7/1). This maneuver 
serves to prevent spilling of gastric contents 
and tends to prevent bleeding from the severed 
intramural vessels. Thc objection to thc crush- 
ing clamp, however, is that hemorrhage into 
thc stomach may result from the mucous 
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Fenestrated clamp ^ 



Fig. 35-6. Details of division and closure of the 
stomach. (From R. H. Sweet [?], caurte*/ W. Br Saun- 
ders Company.) 

membrane edges that are sometimes actually 
cut by the action of the clamp and may then 
retract beneath the jaws of the clamp beyond 
reach of the suture. 

The use of a fenestrated clamp provides a 
more certain means of preventing hemorrhage 
of the edges of the stomach wall. This clamp 
is applied at the proper level in the usual man- 
ner. The proximal clamp (crushing) is applied 
next and the stomach is cut between. The 
continuous suture is then begun, this time 
passing it through and through the blades of 
the clamp instead of beneath them (Figure 
35-6B). After the fenestrated clamp has been 
removed, the suture is carried over and over 
the edge back to the starting point as described 
above (Figure 35-7 A). 

The closure of the stomach is completed 
with a continuous catgut suture to invert the 
divided and previously sutured edges. Further 
reinforcement is provided with an outer layer 
of Lembert sutures of silk (Figure 35-7B). 

In order to diminish the degree of soiling of 
the operative field, the proximal end of the 
stomach is covered with a gauze pad tied over 
the clamp with a strand of heavy silk. 


Tumors of the Esophagus 
In preparation for the anastomosis, a cir- 
cular incision of a diameter commensurate 
with that of the esophagus is made on the an- 
terior wall of the stomach through Us serous 
and muscular walls, avoiding injury to the 
intramural vessels (Figure 35-8), This incision 
should not be made too close to the inverted 
end of the stomach because of the danger of 
interrupting the blood supply to the portion of 
gastric wall that lies between. Furthermore, 
although it is usually placed near the greater 
curvature, it should not interrupt any impor- 
tant branch of the gastroepiploic vessels. 
Before the anastomosis is started, a series of 
suture ligatures of fine silk (00000) is ap- 
plied to the small intramural vessels that cross 
the region outlined by the circular incision. 
The final excision of this circular portion of 
the gastric wall is delayed until after the first 
two of the three layers of the posterior aspect 
of the anastomosis have been completed. This 
delay in the actual opening of the stomach 
makes it easier to start the anastomosis and 
diminishes the length of time when contamina- 
tion from the open lumen may occur. 

After the site of the anastomosis has been 
prepared on the wall of the stomach, the 
esophagus is cleared for division at a level 



Fig. 35-7. Details of closure of the stomach. (From 
R. H. Sweet [9], courtesy W. B. Sounders Company.) 
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fig. 358. Preparation ol the life of anostomous on the anterior turfoce of 
the gastric wall. Firet suture of the poitenor aspect of the anastomosis placed 
but not tied, (front Ne/son loose leaf Surgery [8].} 
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several inches proximal to the upper limits of 
the growth and well above the periesophageal 
group of lymph nodes in the lower medi- 
astinum. This involves severing both vagus 
nerves, the proximal ends of which should be 
ligated in order to secure the small vessels that 
lie close to them. Any small longitudinal 
branches of the nearest esophageal artery 
above the intended site of transection are tied 
and cut. Several small veins must be divided 
as well. 

The anastomosis is begun with a layer of 
mattress sutures of 00000 silk between 


Tumors of the Esophagus 
the stomach of its contents. The previously 
outlined circular portion of gastric wall is 
then excised, thus creating a round aperture 
for the anastomosis. The posterior portion of 
the esophageal mucosa is incised next and the 
posterior portion of the mucosal approxima- 
tion is completed with interrupted sutures of 
fine silk (00000) or catgut, as desired (Fig- 
ure 35-9). Using a pair of scissors with 
bent blades, the remainder of the circumfer- 
ence of the esophagus is severed and the 
tumor-bearing specimen is removed (Figure 
35-9). 



the muscularis of the posterior surface of the 
esophagus and the seromuscular coats of the 
contiguous stomach wall (Figure 35-9). After 
enough sutures of this layer have been in- 
serted to comprise approximately one third 
of the circumference of the anastomosis, a 
right-angled clamp is applied to the esophagus 
about one inch distal to the level of division 
and the muscle layer of the esophagus is 
divided down to the mucosa. A second row 
of sutures approximating the cut edges of the 
muscularis of both organs is applied (Figure 
35-9). 

A small opening is now made through the 
mucosa of the stomach at any convenient 
point in the line of the circular seromuscular 
incision and au aspirator is inserted to empty 


The anastomosis is completed by continuing 
the posterior layers around the circumference 
anteriorly in reverse order, starting with the 
mucous membrane layer and finishing with the 
outer layer of mattress sutures used to ap- 
proximate the muscularis of the esophagus 
and the serosa of the stomach. The sutures in 
the mucosal layer are inserted so that the 
knots, when tied, lie within the lumen. On its 
completion the anastomosis is exactly circular 
(Figure 35-10). 

END-TO-END ANASTOMOSIS 
Whenever it becomes necessary to remove 
so large a portion of the stomach that it is 
impossible to employ an end-to-side approxi- 
mation because of excessive tension on the 
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suture line, it is preferable to use an end-to- 
cod anastomosis. The technic of this method 
consists of a modification of that used for the 
end-to-sidc anastomosis. A long clamp is ap- 
plied in an oblique direction across the 
stomach, preserving as much length along the 
greater curvature as possible. Near the greater 
curvature end of the portion of the stomach 
that lies distal to the clamp, a short, straight 
clamp (Ochsner) is put on at right angles to 
the greater curvature to avoid the creation of 


35*11). The crushed edges of the portion of 
stomach held by the short clamp arc excised 
to provide untraumatized tissues for the an- 
astomosis. 

Tension on the anastomosis is prevented by 
attaching the stomach to the edge of pleura 
along the mediastinal incision by a series of 
sutures of fine silk. The cut edges of the 
diaphragm arc sutured to the stomach at an 
appropriate level, but caution must be exerted 
to avoid the constriction of the stomach that 



an S* e a ‘ the end of the gastric rem- 
J gure 35-11). The stomach is divided 
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y for the end-to-sidc technic (Figure 


would result from making the diaphragmatic 
closure too tight (Figure 35-12). The re- 
mainder of thc diaphragmatic incision is then 
closed, using interrupted sutures of heavy silk. 

Operation for Carcinoma of the Mid- 

Thoracic Segment of the Esophagus: 

Partial Esophagectomy with High Jn- 
thrathoracic Esophagogastro- 
anastomosis 

There is no widespread uniformity of opin- 
ion among surgeons interested in the technical 
problems involved in the removal of carcin- 
oma in the mid-thoracic segment of the esoph- 
agus. It is possible, however, to present certain 
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principles that should be considered. With the 
twofold objective in mind that the operation 
must include the widest possible extirpation 
of the growth with the regional lymph nodes 
and also provide a successful restoration of 
continuity of the alimentary canal, there arc 
two avenues of approach that can be em- 
ployed, namely, a left thoracic or thoraco- 
abdominal incision, with performance of the 
anastomosis above and in front of the aortic 
arch, and a combined left laparotomy and 


' v; 



Tumors of the Esophagus 

double-incision procedure. There is the further 
advantage that with this incision the resecta- 
bility of the growth can be determined im- 
mediately, whereas with the alternative 
method the surgeon may subject the patient 
to a rather long and difficult abdominal opera- 
tion only to find on opening the right side of 
the chest that the growth cannot be removed. 

With few exceptions the technic of the oper- 
ation for removal of a growth in the mid- 
esophagus using the left thoracotomy 



Fig. 35-12. Cloture of the diaphragm around the stomach after completion of the 
ona»tomo$i». (From Nelson Loose leaf Surgery [8].) 


right thoracotomy, involving usually the use 
of two separate jncisions. 

THE SINGLE INCISION, 

LEFT THORACIC APPROACH 

The advantages of performing the operation 
through a standard thoracotomy incision on 
the left side are principally ( 1 ) that only one 
incision js required, (2) that the position of 
the patient on the table is maintained without 
the necessity of shifting from back to side, 
(3) that the extensive mobilization of the 
stomach required for the performance of a 
high anastomosis can be more easily accom- 
plished, and (4) that because of the above, 
the operating time is shorter than with the 


approach is identical with that already de- 
scribed. The incision, however, should be 
made slightly higher and should include re- 
section of the seventh rib instead of the 
eighth. In the majority of patients this level 
is low enough to provide ready access to the 
stomach, although in those whose chest is 
short and unusually broad, with a more nearly 
transverse inclination of the ribs, it may be 
preferable to resect the eighth rib. Further- 
more, in many such patients no upward en- 
largement of the incision is required. With 
regard to the degree of exposure of the esoph- 
agus in the region above the aortic arch, where 
the anastomosis is to be made, variations of 
the build and topography of tbe patient's 
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thorax as they arc encountered will determine 
whether an upward extension of the posterior 
end of the incision is required. In short pa- 
tients who are thin and slight of build, it is 
frequently possible to perform the entire oper- 
ation through a seventh-rib incision without 
enlargement. On the other hand, in those 
whose thorax is long and broad it is usually 
necessary to divide one or more of the ribs 
above the seventh in order to gain access to 
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seventh or eighth rib below to gain access to 
the stomach, and the third or fourth rib 
above for the exposure of the upper medias- 
tinum. 

Once an adequate exposure has been ob- 
tained and the resectability of the tumor has 
been established, the esophagus is mobilized 
from the diaphragm to a suitable level above 
the upper limits of the growth (Figure 35-13). 
This usually involves a dissection extending 



Fig. 35*13. Mobilization of thu esophagus and stomach for resection 
of a carcinoma located behind the aortic arch with subtotal esopha- 
gectomy and high supra-aortic arch esophogogastroanostomosis (Inset) 
Block dots indicate blood vessels lhal must be severed to bring about 
the complete mobilization of the stomach. Note the preservation of the 
right gastric and right gastroepiploic arteries with maintenance of the 
integrity of the anastomotic vascular arcade olong both curvatures 
(From Nelson loose-leaf Surgery [8] ) 


the esophagus behind or above the aortic arch, 
ometirnes as many as four ribs must be 
severed to accomplish the desired result In 
oing this a short segment of the neck of each 
m ed rib should be excised. It is necessary 
a so to divide the corresponding intercostal 
muscles, vessels, and nerves. Kay and also 
u ocr [3] have made the valuable sugges- 
tion that in dealing with patients who would 
ordinarily require upward extension of the 
mosjon, two ribs of different levels should 
e resected through the same incision of the 
0 parts. A convenient combination is the 


behind and above the aortic arch As the 
esophagus is freed, attention should be paid 
to the left inferior pulmonary vein, the left 
main bronchus, the trachea, the aorta, and 
the left recurrent laryngeal nerve, any of 
which is likely to be densely adherent to the 
adjacent growih because of periesophageal in- 
flammation — if it is not actually invaded by 
direct extension of the growth. Complete 
mobilization of this portion of the esophagus 
necessitates the division of all its most impor- 
tant blood supply, including the branches of 
the inferior phrenic and adjacent vessels at 
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the lower end, the esophageal aortic branches, 
branches from the bronchial and intercostal 
arteries, and occasionally one or two from 
the inferior surface of the aortic arch. Once 
all these have been divided, the only blood 
supply remaining consists of descending 
branches from the inferior thyroid arteries 
and occasionally an anomalous branch from 
the subclavian or highest intercostal arteries. 
It is important, therefore, whenever the high 
level of the growth requires a dissection ex- 
tending behind or above the aortic arch, to 
place the level of transection of the esophagus 
above the arch in order to be certain of the 
viability of the proximal end that must be 
employed for the anastomosis. 

In some patients, as the portion of the 
esophagus which lies behind the aortic arch 
is being freed, there may be considerable 
disturbance of the cardiac rhythm or a sharp 
fall in the systemic blood pressure. A few 
moments of interruption of the dissection, 
accompanied by full inflation of the lung to 
improve the degree of oxygenation, usually 
suffice to correct the difficulty and the opera- 
tion can be resumed. 

Sometimes if it is difficult to free an ad- 
herent growth located behind the aortic arch, 
this step of the procedure can be accomplished 
by dividing the upper one or two left inter- 
costal arteries so that the aorta can be re- 
tracted forward. 

Just above the level of the aortic arch the 
thoracic duct is usually encountered as it 
crosses to the left of the esophagus in its 
ascent into the neck. If the duct is adherent 
to the growth, a segment must be excised 
Sometimes it may be injured in the dissection, 
even though not invaded by tumor. In either 
event the ends should be ligated in order to 
prevent subsequent leakage of chyle. 

After the dissection of the esophagus has 
been completed, the diaphragm is incised com- 
pletely and the stomach is mobilized exten- 
sively, preserving the right gastric and right 
gastroepiploic arteries with their anastomotic 
arcades along the lesser and greater curva- 
tures. In order to accomplish the preservation 
of the arcade upon the lesser curvature, the 
left gastric artery must be tied close to its 
origin, thus maintaining a flow of blood from 
the right gastric artery by way of intercom- 
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munications between its branches and the 
descending branches of the left gastric, which 
in turn pass the flow upward through the 
remainder of the large trunk of this vessel 
and its ascending branches to the region of 
the cardia (Figure 35-13, inset). 

In order to have a sufficient length of 
stomach for the performance of an anasto- 
mosis at a high level, above the arch of the 
aorta, the entire fundus must be preserved 
with an adequate blood supply. This involves 
a compromise on the theoretically ideal re- 
section from the point of view of radical re- 
moval of possible cancer-bearing tissues 
because of avoiding interruption of the con- 
tinuity of vessels along the lesser curvature. 
In this instance, therefore, the lymph nodes 
that lie in relation to the branches of the left 
gastric artery along the lesser curvature can- 
not be removed because the stomach must be 
divided close to the cardiac orifice. The para- 
cardial nodes, however, can usually be excised 
and consolation may be had from the knowl- 
edge that the higher the level of the growth 
in the esophagus, the less is the likelihood of 
metastasis to the left gastric nodes. 

The transected stomach is closed and in- 
verted in the same manner as described pre- 
viously, using this time a straight clamp with 
short, fenestrated blades. A rubber glove or 
square piece of rubber tissue is tied over the 
proximal cut end of the esophagus. The 
esophagus is then pulled up from behind the 
aortic arch and the stomach is drawn up into 
the apex of the chest for the performance of 
the anastomosis (Figure 35-14). The circular 
incision of the gastric wall is made close to 
the apex of the fundus in order to take full 
advantage of the length obtained by preserv- 
ing this portion of the stomach. The technical 
details of the anastomosis are exactly the same 
as in cases requiring an anastomosis low in 
the chest, but unusually long instruments 
should be employed. 

Upon completing the three-layer anasto- 
mosis, a few sutures of silk are placed on 
either side between the fundus and the ad- 
jacent edges of the mediastinal pleura 3bovc 
the aortic arch Further support of the stom- 
ach for the relief of tension on the anastomosis 
is secured by means of a row of sutures to 
the pleura overlying the descending aorta. 
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The diaphragmatic closure in cases re- 
quiring a high-level anastomosis embraces the 
stomach a few centimeters above the p) torus. 


niECOMMNED ABDOMINAL. 
SIGHT THORACIC approach 


■fills subject is discussed in Chapter 36. 
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Woohey operation (Vol. Ill, Chap. 15), 
which requires thc employment of a flap of 
skm and platysma muscle from the neck, and 
it lies too high to make it possible to perform 
an anastomosis with thc stomach m thc apex 
of thc chest. The only satisfactory surgical 
approach thus far available consists m some 
modification of thc procedure employed for 
thc extirpation of a growth in thc mid-thoracic 
segment. Although it is possible almost with- 
out exception to bring thc fundus of thc 
completely mobilized stomach into thc neck 
for thc performance of an anastomosis with 
thc esophagus or even with thc hypopharynx, 
it is necessary, in order to accomplish thc 
desired result, to add to thc procedure a 
separate cervical incision. 

As with carcinoma of thc mid-thoracic seg- 
ment of thc esophagus, thc procedure can be 
carried out either through a single left thoracic 
incision with an additional left cervical incision 
for thc anastomosis or by a combination of a 
left abdominal and right thoracic incision 
with the placement of thc cervical incision in 
thc right side of thc neck. Not enough collec- 
tive experience with these methods is >ct 
available to determine with certainty which 
is preferable, but on thc basis of a comparison 
o! thc results of a limited trial of each, it 
appears that a single left thoracic incision plus 
a left cervical incision is preferable to thc 
morc complicated triple-incision technic in- 
volving thc use of the abdomen and right 
thorax separately. This impression is fortified 
by thc report of Nubocr [3] This method 
makes it possible to determine whether or not 
thc growth can be removed early in thc pro- 
cedure; it requires two incisions instead of 
three, and appears to be less frequently at- 
tended by serious complications involving the 
respiratory organs than the technic involving 
thc right side, which requires three incisions. 

SINGLE LEFT THORACOTOMY WITH 
LEFT CERVICAL INCISION 
The left thoracotomy incision is made in 
exactly thc same manner as for carcinoma of 
thc mid-thoracic region. Thc doublc-nb re- 
section method previously described should 
be employed in suitable cases. By resecting 
thc upper nb first, thc region of the tumor 
can be explored as soon as the chest is opened 
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and the operation can be terminated promptly 
if conditions are unfavorable for resection. 
If the growth can be dissected free from its 
surroundings, the entire thoracic esophagus 
and stomach are mobilized as described above. 
The stomach is transected at the cardia and 
the divided end is inverted. A rubber glove 
is tied over the cut end of the esophagus. A 
strand of silk is attached to the apex of the 
fundus to be placed in the base of the neck 
after drawing the lower portion of the esoph- 
agus up from behind the aortic arch. The 
stomach may be passed up the mediastinum 
behind the aortic arch and thus into the neck 
through the bed of the esophagus, or it may 
be drawn up in front of and lateral to the 
arch and thence into the neck. With the 
fundus held high within the chest, the lower 
half of the stomach is attached to the pleura 
over the descending aorta and the diaphragm 
is closed around the prepyloric portion. The 
drainage catheter is then inserted, the lung 
is expanded, and the chest incision is closed. 

To complete the operation, which must 
of course be done in one stage, the patient 
is rolled onto his back. After suitable prepara- 
tion of the skin of the neck and the applica- 
tion of fresh, sterile drapes, an incision is 
made along the anterior border of the left 
sternocleidomastoid muscle from the jugular 
notch to a point approximately two thirds o! 
the distance to the angle of the jaw. The omo- 
hyoid muscle is divided and the sternal 
attachments of the sternohyoid and sterno- 
thyroid muscles are severed. The deep fascial 
layer is pierced and the esophagus is exposed. 
It is usually necessary to carry the freeing of 
the cervical esophagus slightly higher in the 
neck than was possible from within the 
chest during the thoracic phase of the opera- 
tion. In doing this, however, the arterial 
branches supplying the segment must be 
preserved as intact as possible. When this 
mobilization of the cervical segment is com- 
pleted, the esophagus above the growth is 
hooked with the finger and the entire organ 
is withdrawn from the mediastinum through 
the cervical incision. This maneuver is car- 
ried out in exactly the same manner as the 
withdrawal of the esophagus into the neck m 
the older Torek operation (see Chap. 37). 

To bring the fundus into the neck for the 
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performance of an anastomosis with the 
esophagus above the growth, the previously 
attached strand of silk intended for identifica- 
tion is sought and, using this as a guide, the 
fundus is grasped with a Collin forceps and 
manipulated through the superior strait of the 
thorax into the neck. The anastomosis is then 
made in the customary manner, although it 
may be more convenient (because of the 
narrow space available) to use a linear in- 
cision in the gastric wall instead of excising 
a circular portion. The functional result of an 
anastomosis made in either way is equally 
good. With the completion of the anastomosis, 
the apex of the fundus is suspended in the 
neck by means of sutures to any available 
structure, including the thyroid and the fascia 
of the carotid sheath and the pretracheal 
muscles. The cervical incision is closed with- 
out drainage. 

RIGHT CERVICAL, LEFT ABDOMINAL, 

AND RIGHT THORACIC INCISIONS 
If the surgeon chooses to perform the 
mobilization of the stomach and thoracic 
esophagus through separate incisions, it is 
essential for him to satisfy himself as to the 
removability of the growth before subjecting 
the patient to the trauma of both a laparotomy 
and a thoracotomy without knowledge of the 
condition of the tumor itself. This can be 
accomplished by starting the operation with 
an exploration of the tumor-bearing segment 
through an incision m the right side of the 
neck made in the same manner as that just de- 
scribed on the left side. Through this it is 
possible to determine by palpation with the 
finger whether or not the growth is too ad- 
herent for removal. 

If the growth is easily freed, temporary 
closure of the cervical incision is made and 
the operation is begun with a left abdominal 
incision followed by a right thoracotomy as 
already described. Upon completion of the 
mobilization of the esophagus during the 
thoracic phase of the three-phase operation, 
the stomach is severed and closed over, 
sutured within the chest, leaving the fundus 
free, and the chest wall is closed with catheter 
drainage in the usual manner. After the 
chest closure is completed, the neck is re- 
draped, the temporarily closed cervical in* 
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cision is rc-opcned, and the anastomosis is 
made within the neck as described on the left. 

Reports from various surgeons arc accum- 
ulating to confirm the opinion, based upon 
experience, that the postoperative course after 
the three-phase operation is much more 
tempestuous than that of the two-phase pro- 
cedure. The most serious difficulties encoun- 
tered have been a tendency to cardiac 
arrhythmia and pulmonary edema and, more 
important, acute laryngeal edema, vocal cord 
paralysis, a tendency to regurgitation and 
aspiration of gastric contents, and great ditli- 
culty with deglutition, which appears to be of 
a functional nature rather than a mechanical 
delay in the downward passage of material 
swallowed. Much less difficulty of this sort 
has been encountered when the two-phase, 
left-side operation has been employed, espe- 
cially when the opening into the neck has been 
made large by resecting the inner end of the 
left clavicle and first rib as in the earliest 
cases where the procedure was employed [6], 

The fact remains that an entirely satisfac- 
tory method of dealing surgically with car- 
cinoma in the superior mediastinal segment 
of the esophagus has not yet been evolved. 


Operations for Carcinoma of the Cervical 
Segment of the Esophagus 

The method of segmental resection with 
restoration of continuity by substitution of a 
consisting of skin and platysma muscle 
rom which a tubular graft is constructed, as 
evised by Wookey, is described elsewhere 
(sceVol. Ill, Chap. 15). 
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Wookey technic. The only drawback of the 
Wookey operation lies in the unfortunate fact 
that lymph node nictastascs arc encountered 
frequently because of the extraordinary malig- 
nancy of the neoplasm and the failure in many 
instances to establish the diagnosis in an early 
phase of its evolution. 

CARE OF THE PATIENT 

Although there arc still slight differences in 
unimportant details, the best methods of pre- 
operative and postoperative cure of the pa- 
tient arc now so well understood and so 
nearly uniform from one surgeon to another 
that it would be redundant to elaborate upon 
these nutters at this point. They arc described 
in adequate detail in Volume I, Chapters 9 
and 10. A few remarks arc appropriate, 
however, regarding the special problems of 
the immediate and late recovery periods of 
patients who have experienced an esophagec- 
tomy with csophagogastroanastomosis. 

Immediate Recovery Period 
ADMINISTRATION OF ANTIBIOTCIS 

If no technical faults such as an incompe- 
tent anastomotic suture have been allowed to 
intervene, the prophylactic administration of 
pcncillin and streptomycin can be relied upon 
to eliminate the hazard of infection. Since 
these agents have been employed, no ease of 
pleural, peritoneal, or mediastinal sepsis has 
been observed. The preoperative medication 
consists of parenteral injections of penicillin 
during the 24 hours preceding operation and 
the oral ingestion of a solution of streptomycin 
(0.25 Gm. per 100 cc. every 6 hours) during 
the two days preceding operation. 

At the completion of the anastomosis, just 
before the diaphragm is closed, 30 cc. of a 
solution containing 100,000 units of penicillin 
and I Gm. of streptomycin arc instilled, one 
half in the upper abdomen and one half in 
the mediastinum and pleural cavity. The ad- 
ministration of these antibiotics is continued 
by intramuscular injection during the first five 
days after the operation or until any sus- 
picion of infection, including pneumonia, is 
over. A satisfactory dosage is 100,000 units 
of penicillin and 0.25 Gm. of streptomycin 
every six hours. If a pulmonary infection 
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should develop, the dosage and frequency of 
administration arc adjusted to suit the exigen- 
cies of the occasion. 

ADMINISTRATION OF OXYGEN 
Although prolonged administration of oxy- 
gen after the completion of the operation is 
not necessary excepting in the presence of 
pulmonary or cardiac complications, it is 
wise to make use of this supportive measure 
during the first 24 hours, after which it can 
be discontinued in the usual case. The intra- 
nasal catheter method is the most satisfactory. 
In patients who have had an unusually high 
intrathoracic anastomosis, and especially those 
requiring a cervical incision with anastomosis 
at that level, it is often necessary to continue 
the administration of oxygen as long as four 
or five days. No routine can be established. 

MAINTENANCE OF A CLEAR AIRWAY 
In some patients, particularly those who 
have had a high anastomosis requiring the 
transposition of ail or at least the greater 
portion of the stomach into the chest or 
through the chest into the neck, there may be 
considerable respiratory difficulty owing in 
part to temporary diminution of pulmonary 
volume and in part to difficulty on the part 
of the patient in raising secretions. Much of 
the trouble can be avoided by suitable prophy- 
lactic measures including the preoperative 
preparation with a low sodium intake and the 
avoidance of excessive intravenous admin- 
tration of Quids, the avoidance of atropine, 
and occasionally the administration post- 
operatively of expectorants which the patient 
can swallow readily in a small volume of 
water, such as syrup of hydriodic acid. 

When the accumulation of secretions in the 
trachea becomes excessive, repeated aspira- 
tions with a suitable catheter attached to a 
source of suction should be employed. Some- 
times it is also difficult for patients to raise 
secretions from the pharynx without such 
assistance. If this method, which can be 
learned by the nurse, fails to reach the secre- 
tions that are causing difficulty, prompt resort 
must be made to bronchoscopic aspiration. 
This should be done without moving the pa- 
tient from his bed and usually in the semire- 
cumbent position because of the patient's 
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inability to assume a horizontal position. 

In recalcitrant cases it may be necessary to 
resort to the performance of a tracheostomy 
so that frequent aspirations of the trachea 
may be carried out. 

AVOIDANCE OF REGURGITATION FROM 
THE ESOPHAGUS AND STOMACH 

In every case, a Levin tube should be in- 
serted through the nose into the esophagus 
and adjusted so that its tip lies close to the 
level of the growth. If it is discovered during 
the operation that the tip of the tube has 
passed beyond the level of the growth, it 
should be withdrawn to the proper level by 
the anesthetist in response to the surgeon’s 
directions as he palpates the tube through the 
wall of the esophagus. Constant suction on 
the outer end of the tube is maintained 
throughout the operation. In the cases of a 
low anastomosis, at the completion of this 
portion of the procedure the tube should he 
with its tip in the lower esophagus just above 
the suture line. With patients who require a 
supra-aortic arch or an mtracervical anas- 
tomosis, it is important to pass the tube 
through the anastomosis into the stomach. 
This is most easily accomplished at the time 
when the anastomosis is half completed and 
before the anterior aspect is begun. The neces- 
sity for draining the stomach in this manner 
during the first few postoperative days lies in 
the fact that regurgitation of gastric contents 
may occur so suddenly and in such large 
volume that the patient may aspirate large 
amounts of irritating liquid into the trachea or 
bronchi, sometimes with fatal result. This 
danger lasts only a few days, however, and it 
is usually safe to remove the tube on the 
fourth or fifth day after operation. In the low 
anastomosis cases, the danger of aspiration is 
minimal and the tube can usually be removed 
after twenty-four hours. 

ASPIRATION OF THE PLEURAL CAVITY 
At the completion of the operation, a large 
catheter is inserted through a lower intercostal 
space posterolaterally into the pleural cavity. 
A Foley urethral catheter is useful for this 
purpose because of the inflatable rubber bag 
near its tip which provides protection against 
its escape. After the patient has been re- 
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turned to his bed, the catheter is connected 
with a suction apparatus equipped with a 
valvular release to prevent the negative pres- 
sure within the system from exceeding the 
optimum level of 8 to 10 cm. of water. In 
the majority of patients the effusion of 
serosanguincous fluid has practically ceased 
by the end of forty-eight hours and the 
catheter can be removed. 


CARDIAC REGIMEN 

During the preliminary preparation of the 
patient, a low sodium diet is enjoined as one 
factor in the effort to reduce the possibility 
of developing pulmonary edema after opera- 
tion. The intake of sodium is curtailed also 
during the first few postoperative days, but 
care must be exerted to avoid sodium deple- 
tion beyond a safe metabolic level. One dose 
of quinidine lactate is administered one hour 
efore the anesthesia is begun to safeguard 
against the development of arrhy thmias during 
e operative procedure. The administration 
ot this drug is continued daily postoperative^ 
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The majority of patients on whom an eso- 
phagectomy has been performed (excluding the 
cervical segment eases) arc able to return home 
within two to three weeks after operation, de- 
pending upon the distance to bc traveled and the 
possibilities of care at home Then there is a 
period of readjustment which may present diffi- 
culties and lead to anxieties from which the 
surgeon should seek to protect the patient by 
explanation and ad wee 

Functional disturbances of the gastrointestinal 
tract: In common with patients who have been 
subjected to a total gastrectomy, patients who 
have had operations of the sort described fre- 
quently complain that they do not regain a 
normal appctilc. This may correct itself after 
weeks or months have elapsed, but in many cases 
the return of appetite is incomplete at best. This 
occurrence is associated with and possibly ex- 
plained in part by the fact that many patients 
experience a functional delay in the emptying 
time of the stomach The interruption of the 
vagus nerves is a contributing factor because of 
the resulting diminution in the amplitude of the 
gastnc peristaltic activity and because of the 
hypcrtonicity of the p>Ionc sphincter. The result 
is that the stomach remains partially filled much 
of the time It is a common observation among 
these patients that they arc able to eat a large 
breakfast, but that they have little appetite for 
their noonday meal and are able to accommo- 
date hardly any of their supper This functional 
difficulty is most pronounced in the cases with 
carcinoma of the cardia which require excision 
of large segments of the stomach leaving only a 
small distal portion which accommodates a 
limited volume of food It has been observed, 
however, that pronounced examples of the in- 
ability of the stomach to empty after the per- 
formance of a partial gastrectomy and eso- 
phagectomy have become much less frequent 
than formerly and that the difficulty arises least 
often in patients who have had a high esophagec- 
tomy A possible explanation for this is that the 
division of the gastrocolic and gastrohepatic 
ligaments is now carried all the way to the level 
of the pylorus in every case, thus probably inter- 
rupting many of the sympathetic nerve fibers 
which would otherwise be overactive because of 
the absence of the vagus inhibition 

In evaluating the postoperative digestive func- 
tion of these patients it should be kept in mind 
also that except in the case of lesions high in the 
esophagus where the whole stomach is preserved, 
rt is necessary to resect portions of the fundus of 
the stomach. In some cases this causes a very 
large reduction in gastric volume which further 
limits the capacity of the patieot to take food. 

The inability of patients to handle large quan- 
tities of food during the first few months of their 
convalescence is sometimes so great that there 
is a progressive loss of weight. Such patients 
should be advised to take nothing but the most 
nourishing types of food and to avoid wasting 
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valuable space on materials, either liquid or 
solid, which have a low caJoric content. As time 
goes on, however, in the majority of cases the 
patient’s capacity for food increases as the gastric 
remnant enlarges and the emptying time of the 
stomach approximates a normal rate. In spite 
of this it is unusual for the patient to regain 
his customary weight. More often he will gain a 
few pounds, or in many cases he will be able 
merely to hold his weight at a reduced level 
without further loss. 

It is interesting to note that although it is 
frequently necessary to ligate the thoracic duct, 
particularly in the cases where the position of 
the growth requires a supra-aortic arch anas- 
tomosis, no disturbance of nutrition which can 
be attributed to this procedure has been ob- 
served. The nutritional status of such patients 
does not vary in any respect from that of those 
whose thoracic duct remains undisturbed. 

A troublesome occurrence frequently observed 
is the tendency to regurgitation from the 
stomach if a recumbent position is assumed soon 
after eating. All patients who have had the op- 
eration should be advised not to lie down during 
the first two hours after meals. 

Occasionally a patient may develop diarrhea 
which lasts sometimes a few days, sometimes 
several weeks before it subsides. This is probably 
caused by the disturbance of function resulting 
from bilateral vagus section. But this phenome- 
non is observed in these cases much less fre- 
quently than among patients who have had a 
vagotomy performed in the treatment of duo- 
denal ulcer. Relief is obtained by means of the 
usual symptomatic treatment. 

Recurrences of dysphagia are exceedingly un- 
usual after esophagectomy with esophagogastric 
anastomosis Cicatricial stenosis of the anasto- 
mosis has been seen once. Recurrence of 
carcinoma at the anastomosis occurs occasion- 
ally, but the majority of the patients who suc- 
cumb to the disease die from the effects of distant 
metastases or local recurrences within the medi- 
astinum and retain their ability to swallow norm- 
ally as long as they live. 

Incisional pain: Incisional pain lasting more 
than a few weeks is unusual. It is a frequent ob- 
servation that after the period of immediate post- 
operative pain is over, there is very little 
discomfort. If any uncomfortable sensations are 
experienced, they are described as a slight pain, 
an aching or sore feeling, or in some cases as a 
numbness beneath and medial to the anterior 
end of the incision in the abdominal and lower 
thoracic distribution of the terminal branches 
of the corresponding intercostal nerves. In many 
cases a transitory sensation of numbness or 
anesthesia in this area gives way to a period of 
hyperesthesia when the slightest touch gives 
rise to discomfort. This in turn subsides in a few 
weeks and the patient remains comfortable. 
Long-lasting incisional pain or discomfort of any 
kind is extremely unusual. 
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Dyspnea: Although a large portion of the left 
thoracic cavity may be occupied by the trans- 
placed stomach, patients on whom an esophagec- 
tomy has been performed almost never exper- 
ience any sensations which might make them 
aware of the presence of the stomach within 
the thorax. Gastric peristaltic sounds are oc- 
casionally heard, but they are more often noticed 
by other people than by the patient himself. 
Furthermore, after the immediate postoperative 
period of readjustment has gone by, there is 
rarely any striking dyspnea or evidence of cir- 
culatory disturbances. 

Rehabilitation: The return of strength and 
the ability of the patient to resume an active life 
depend, . 

dition, 2 , » ■ 

patient. ■ 

carcinoma of the esophagus are elderly, the 
return to a normal degree of strength may be 
very gradual and often never complete. It is 
not unusual, on the other hand, for patients to 
return to their customary daily rouUnes and often 
to their usual occupations The majority of them 
are so happy to be able to swallow normally 
again after a more or less prolonged period of 
dysphagia and chronic starvation that they 
usually maintain a cheerful outlook and are 
eager to become useful citizens once again.* 

RESULTS 

In a review of experience with 450 cases of 
carcinoma of the esophagus published in 
1954, it was shown that of 182 cases where 
the growth involved the mid-thoracic seg- 
ment, a resection could be performed in 120 
instances (66 per cent), and of 242 cases 
where the growth was at or near the cardia, 
a resection was possible in 167 instances (69 
per cent) [11]. 

The latest operative mortality of all cases 
from the beginning of the series in 1939 to 
May, 1956, js 25 per cent for cases where an 
anasfomos/s was required above the aortic 
arch (mid-esophagus) and II per cent in 
those involving the lower esophagus. 

An analysis of the five-year survival of 
those who survived the operation as of May, 
1956, reveals that when all cases, both favor- 
able and unfavorable, are grouped together, 
there were 15 per cent of the patients with 
a low esophageal cancer and 6 per cent of 
those with a mid-thoracic growth alive after 
five years. On the other hand, when the cases 
are grouped so as to correlate the result with 

• Richard II. Sweet, The Treatment of Car- 
cinoma of the Esophagus and Cardiac End of the 
Stomach by Surgical Extirpation. Surgerp 2S.352, 
1348. Bp permission 0 / Surgerp. 
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the presence or absence of lymph node 
mctastascs, there were actually 32 per cent of 
the patients with a low growth and 23 per 
cent of those with a mid-thoracic growth 
aUve after foe jears among those who had 
no positive nodes and thus had a favorable 
prognosis. 

Finally, it should be said that of those who 
died of persistent or metastatic cancer, the 
majority were able to swallow during the 
remainder of their lives because of the rela- 


tive rarity of recurrence of carcinoma at the 
anastomotic site. 

Thus, it may be seen that the twofold ob- 
jective that must be kept in mind m dealing 
with cancer of the esophagus may be realized 
by the cmplojment of the operative technic 
herein described in a sufficient number of 
instances to make the effort distinctly worth- 
while to the patient and gratifying to the 
surgeon. 



CHAPTER 36 


Cancer of the Upper Thoracic Esophagus 

Surgical Management by a Combined Right Thoracoabdominal 
Approach 

William L Watson 
and 

Raymond K. J. Luomanen 


Workable surgical technics have been de- 
vised for the management of cancer of the 
cervical portion of the esophagus 18] (Vol. 
Ill, Chap. 15) and for those cancers located 
in the middle and lower thirds [21 (Chap. 
35). When, however, cancer is located in the 
upper segment of the thoracic esophagus, 
where it comes into intimate contact with the 
hilus of the lung and the trachea, a trying set 
of technical difficulties is encountered in sur- 
gical resection and anastomosis. It is believed 
that the one-stage, combined, right thoracoab- 
dominal approach carried out by one or two 
operating teams has definite advantages. 

SURGICAL TECHNIC 

After the patient has been anesthetized and 
intubated, he is placed on the operating table 
in the left lateral recumbent position, in- 
clining backward at a 45-degree angle. 

INCISION 

An incision is made beginning in the inter- 
scapular region, one half the distance between 
the vertebral border of the scapula and the 
posterior vertebral spines, skirting the angle 
of the scapula by two fingerbreadths, and 
extending anteriorly along the sixth rib to the 
costal margin. 

The incision is carried down to the muscles, 
bleeding vessels being clamped and ligated 
with 0000 silk. Skin towels are applied 
and the ausculatory triangle is entered by 
means of sharp dissection. The muscles are 


elevated by blunt digital dissection so that 
bleeding from vessels within the muscle can 
be controlled by pressure from below as the 
muscle is divided. The sacrospmahs muscle 
is elevated from the proximal portion of the 
fifth and sixth ribs and the periosteum of the 
sixth rib is incised and elevated, and the sixth 
rib removed from the costal cartilage to with- 
in an inch of the transverse vertebral process 
(Figure 36-1). A 1-inch to 2-inch segment 
of the fifth rib proximal to the angle is 
similarly removed. The pleura is incised and 
the right thoracic cavity explored. 

MOBILIZATION OF ESOPHAGUS 
The collapsed right lung is retracted an- 
teriorly and medially, exposing the middle and 
upper thirds of the esophagus without obstruc- 
tion except for the crossing of the azygos vein 
(Figure 36-2). This vein is isolated as it 
enters the superior vena cava and divided 
between ligatures and transfixion sutures. The 
superior mediastinal pleura is incised to the 
apex of the chest, care being taken to avoid 
the vagus nerve, which at this level lies on the 
lateral wall of the trachea. The esophagus can 
then be easily isolated as it lies on the verte- 
bral bodies just posterior to the trachea, and a 
Penrose drain passed around it for traction 
and easy identification. The lower esophagus 
is identified by entering the mediastinum 
through the inferior pulmonary ligament 
(Figure 36-3), and a Penrose drain is simi- 
larly passed around this uninvolved portion, 
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Fig. 36-1. Th# position of tha pationt on tha oparoting lobla 
it moil important. Sketch showing the 45-d«gree angle, tha 
position of tha right arm, ond tha incision along tha coursa of 
tha sixth rib. o; Tha right poromedion abdominal incision. 
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which is then freed from the prevcrtebral 
fascia, usually without difficulty. The csopha- 
geat vessels are ligated as visualized. The 
anterior aspect of the tumor, which usually is 
in intimate contact with the hllus of the lung, 
posterior wall of the trachea, and arch of the 
aorta, presents considerably more difficulty 
in dissection (Figures 36-4 and 36-5). 


Tumors of the Esophagus 
36-65). Division of the left triangular liga- 
ment assists retraction of the liver to the right 
sufficiently to expose the entire cardia. Occa- 
sionally the peritoneal reflection from the 
stomach to the diaphragm can be more easily 
divided by approaching the hiatus from the 
chest. The hiatus is stretched and the stomach 
is then delivered into the right thorax through 



ABDOMINAL APPROACH 

If removal of the tumor seems feasible, or 
if the surgeon elects to do a palliative bypass 
operation, a second team extends the incision 
in right paramedian fashion to the umbilicus 
for exposure of the stomach (Figure 36-6/4). 
Exploration of the peritoneal cavity for metas- 
tases is carried out. Special study of nodes 
about the left gastric artery and splenic vessels 
is essential in determining the feasibility of 
mobilizing the entire stomach The stomach 
is freed by incising the gastrocolic omentum, 
preserving the vascular arch formed by the 
anastomosis of the right and left gastroepiploic 
arteries. The lesser omentum is divided, sacri- 
ficing the left gastric artery as close to its 
origin from the celiac axis as possible (Figure 


the enlarged esophageal hiatus (Figure 36-7). 
Mobilization is so complete that the anas- 
tomosis can easily be carried out in the 
extreme apex of the thorax, or even in the 
lower neck. The pylorus can be delivered 
through the enlarged esophageal hiatus if 
necessary. Care must be taken not to twist or 
rotate the mobilized stomach on its long axis, 
nor to bring more stomach into the chest than 
is actually needed. When necessary, the right 
duodenal margin of peritoneum can be incised 
to provide further mobilization. 

TRANSECTION OF ESOPHAGUS 

The cardiac end of the esophagus is divided 
between clamps (Figure 36-8). This division 
can be made to include as much of the cardia 
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F>g. 36-4. The orygoi vein hoi been troniected ond the upper third of th* 
eiophogui mobilized, revealing the cancer to b* adherent to the right 
main-item bronchui ond hilar itructuret. 



th ha» been directed from th« hily* and th* entire 
emp hog,,. mobilized. 
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C^ccr of (be Upper Thoracic Esophacu* 

as need be sacrificed if the blood supply ap- 
pears compromised. The divided stomach is 
inverted with a continuous Parkcr-Kcrr suture 
of 00 chromic catgut on an atraumatic needle. 
This row is then further invaginatcd with a 
row of interrupted mattress sutures of OOO 
silk. 

GASTROESOPHAGEAL ANASTOMOSIS 
The stomach is sutured to the posterior wall 
of the esophagus well proximal to the nco- 


bert sutures of 000 silk tied within the 
lumen. The mucosa of the esophagus and the 
mucosa of the stomach arc approximated with 
similar sutures posteriorly. These three rows 
of sutures arc then continued around an- 
teriorly to complete the anastomosis. 

CLOSURE 

The stomach is then attached to the medias- 
tinal pleura so as to relieve the suture line 
of any possible tension (Figure 36-10). The 



Fig. 36-8. Clotur* of »h# 8°‘ ,,ic 


" lth interrupted mattress sutures of 
silk (Figure 36-9). At this point, care 
l 15 . eXcrc ‘ se d to maintain the proper 
aionship of the lesser curvature of the 
omach by avoiding its tendency to rotate 
Wist upon itself. After the posterior row 
^ as k een laid, approximating the 
diviri a / US l ° l ^ e st °mach, the esophagus is 
Pab'e t SeVera * cen timeters proximal to pal- 
A frozc n section from this level 
twtan” firm lhe of the excision. A 

excised ?PP roXimate ly 2 cm. in diameter, is 
list mfe r0ni antcr ' or wa, U of the stomach 
The m .,! IOr , t0 the °P en e °d of the esophagus. 

PTOimated "to Ihc es °P ha S us is thcn a P‘ 

the stnn ,, , serosa and muscularis of 
stomach wtth a row of ta(etTO[lted Um . 


mediastinal pleura is closed over the anasto- 
mosis site with interrupted sutures. The 
stomach is further attached to > h0 P aravar c ‘ 
bral gutter. A No. 30 rectal cathete with 
extra holes is inserted mto the r.gh horax 
through a stab wound in the tenth m reostal 
space, sutured to skin, and connected to an 
underwater trap. A solution of 50 ec. of saline 
containing 1 Gnt. of slreptomycm and 
500,000 units of penicillin is placed i 

Ch The C involved intercostal nerves are isolated 
and injected with a solution of Pr°“'ne in 
oil and the wound is closed ■» la yers. The 
parietal pleura and intercostal muscles are 
approximated with interrupted sutures of 
00 silk that arc tied as the adjacent nbs are 
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held in approximation. The chest muscles 
are approximated with 000 silk, and the 
posterior rectus sheath and the peritoneum 
in the abdominal wound arc closed with a 



continuous suture of No. 1 chromic catgut, 
the anterior rectus sheath is approximated 
with interrupted sutures of 000 silk or No. 32 
steel wire. The subcutaneous tissues, fascia, 
and skin of the entire length of the incision 
arc closed with 0000 silk. A dry dressing 
is applied with broad strips of elastoplast. If 
two operating teams arc employed, the ab- 
dominal incision is closed while the intra- 
thoracic anastomosis is being carried out. 

RESULTS 

The first esophagectomy at Memorial 
Hospital w'as a Torek type procedure done in 
1940, and since then there have been 217 
successful surgical excisions of the esophagus 
for cancer. Of these, twenty-five were cervical 
esophagectomies and seven patients had com- 
bined cervicothoracic esophagectomy. Of the 
one hundred ninety-two patients who had a 
resection by means of a thoracic approach, 
fifty-seven (29.6 per cent) had a resection of 
the right-sided, one-stage, combined thoraco- 
abdominal type. In ten patients the anasto- 
mosis between stomach and cervical esopha- 
gus was made through a right lower cervical 
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incision. Two other patients had an anasto- 
mosis between stomach and pharynx. 

In this series of fifty-seven resected cases, 
there were fifteen (26.3 per cent) postopera- 
tive deaths. 

ADVANTAGES AND DISADVANTAGES 
OF THE COMBINED RIGHT THORA- 
COABDOMINAL APPROACH 

ADVANTAGES 

The combined right thoracoabdominal ap- 
proach for cancer of the upper thoracic 


Tumors of the Esophagus 

4. The exposure obtained by this procedure 
readily permits gastroesophageal anastomosis 
at, and occasionally above, the superior 
thoracic aperture. 

5. At the completion of the operation, the 
stomach lies in the mediastinum in a more 
satisfactory anatomic position. There is prac- 
tically no tension, and the blood supply is ex- 
cellent (Figure 36-13). 

6. If a resection cannot be accomplished 
because of the extent of the cancer, one is still 
permitted to do a palliative by-pass operation 
(Figure 36-14), which provides more tempo- 



Fig. 36-13 Diagram indicating th» approximate site of 
gastroesophageal anastomosis and the altered mediastinal 
relationship. 


esophagus has been shown to have the follow- 
ing advantages: 

1. It permits better cancer surgery because 
a more extensive resection of potentially in- 
volved esophagus can be done with a mini- 
mum of technical difficulty. 

2. It affords an increased range of re- 
sectability in cases in which cancer is closely 
adherent to bronchus and the arch of the 
aorta, because the dissection in this region can 
be carried out under direct vision. 

3. There is less danger of accidentally en- 
tering the opposite pleural cavity, and, when a 
segment of opposite pleura must be resected 
because of extension of cancer, it can be 
done under direct vision. 


rary relief than does a Janeway gastrostomy 

[7]. 


DISADVANTAGES 

The disadvantages of the procedure are as 
follows: . 

1. There are added anatomic dangers a 
diaphragmatic level because of the 

of the inferior vena cava, pleura of th c e 
chest cavity, and hepatic vein, which m a y 
injured when working through the esopna£ e 
hiatus (Figure 36-15). y 

2. The degree of abdominal exposure 

be lessened by the adverse position o 
enlarged liver. j 

3. Simultaneous surgery in the thorax 
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Fig. 36-14. Even though a palliative resection cannot be 
done. It it lometimes pomble to bring the ttomach up into 
the chest and onaslomote it proximal to the esophageal 
cancer. This by pass procedure seems to offord more pollia- 
lion than a simple gastrostomy. 

abdomen increases the likelihood of shock. to the patient’s postoperative discomfort, and 

. two operative wounds add to the may interfere with adequate pulmonary ven- 

heoretic danger of wound sepsis. tilation. 

5. The upper abdominal wound docs add 


Vaqusn 



Fig. 36-15. Diagrammatic sketch showing the important 
anatomic structures encountered in the right thoracoabdominal 
approach to esophagectomy. Note the relationship of the 
esophagus to the inferior vena cava and hepatic vein. 
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incision. Two other patients had an anasto- 
mosis between stomach and pharynx. 

In this series of fifty-seven resected cases, 
there were fifteen (26.3 per cent) postopera- 
tive deaths. 

ADVANTAGES AND DISADVANTAGES 
OF THE COMBINED RIGHT THORA- 
COABDOMINAL APPROACH 

ADVANTAGES 

The combined right thoracoabdominal ap- 
proach for cancer of the upper thoracic 


Tumors of the Esophagus 

4. The exposure obtained by this procedure 
readily permits gastroesophageal anastomosis 
at, and occasionally above, the superior 
thoracic aperture. 

5. At the completion of the operation, the 
stomach lies in the mediastinum in a more 
satisfactory anatomic position. There is prac- 
tically no tension, and the blood supply is ex- 
cellent (Figure 36-13). 

6. If a resection cannot be accomplished 
because of the extent of the cancer, one is still 
permitted to do a palliative by-pass operation 
(Figure 36-14), which provides more tempo- 



Fig. 36.13. Diagram indicating the approximate site of 
gastroesophageal anastomosis and the altered mediastinal 
relationship. 


esophagus has been shown to have the follow- 
ing advantages: 

1. It permits better cancer surgery because 
a more extensive resection of potentially in- 
volved esophagus can be done with a mini- 
mum of technical difficulty. 

2. It affords an increased range of re- 
sectability in cases in which cancer is closely 
adherent to bronchus and the arch of the 
aorta, because the dissection in this region can 
be carried out under direct vision. 

3. There is less danger of accidentally en- 
tering the opposite pleural cavity, and, when a 
segment of opposite pleura must be resected 
because of extension of cancer, it can be 
done under direct vision. 


rary relief than does a Janeway gastrostomy 

in 

DISADVANTAGES 

The disadvantages of the procedure are as 
follows: 

1 . There are added anatomic dangers at the 
diaphragmatic level because of the proximity 
of the inferior vena cava, pleura of the left 
chest cavity, and hepatic vein, which may be 
injured when working through the esophageal 
hiatus (Figure 36-15). 

2. The degree of abdominal exposure may 
be lessened by the adverse position of an 
enlarged liver. 

3. Simultaneous surgery in the thorax and 
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Methods of Reconstruction of the Thoracic Esophagus 


BY-PASSING PROCEDURES 
Esophagoplasty is sometimes indicated as a 
pallatise by-pass procedure if it is impossible 
to remote the primary tumor (Figure 37-3). 

FOR COMPLICATIONS OF OTHER 
TREATMENT 

If a complication such as tracheoesopha- 
geal fistula, perforation into the mediastinum. 


the stomach or the small bowel is mentioned 
for historic interest. Multiple operations arc 
required with numerous long hospitaliza- 
tions. Strictures at either end of the tube arc 
common, especially at the stomach end where 
the gastric secretions often ulcerate the skin 
tube. Food tends to obstruct at the level of the 
clavicle and also at the level of the abdominal 
fascia. The subcutaneous tube tends to be 



Fig. 37-1. The complated Torek operation. In thi» patient, the opera- 
tion wa» done prior to the adoption of the mtrathoroeiC or intraeervieal 
typej of anastomosis. The rubber feeding tube conjoint the prethoracic 
esophagostomy with a ianeway gastrostomy made with the remnant of 
stomach, Thit is an unsatisfactory mechanical arrangement and is 
difficult to control. This patient later had a prethoracic esophagus 
constructed, using the skin of the chest wall. (From G. T Pack and 
W. I Watson (23], courtesy Archives of Surgery) 


iher-| StriCtUIe devc,0 P s following radiation 
b e by-passing procedure may 


METHODS of esophagoplasty 

cc»Sn r i0US mclhods described for re 
p res C , l0 . n *be thoracic esophagus an 
Presented m Table 37-1. 

USE OF SKIN TUBES 

a Seefh °} a tUbe of skiix crcatcd to bndgi 
between the cervical esophagus ant 


unsightly, particularly in women, although 
this can be overcome by later transplanting 
the tube within the chest. 

Occasionally, however, it may be necessary 
to use a small supplemental skin tube in the 
region of the neck to bridge a short gap be- 
tween an organ transplant and pharynx or 
cervical esophagus.* 

» Editorial Noth. Tlio editors have successfully 
used a split- thickness skin graft to reconstruct 
the esophagus Tito graft takos well. One patient 
so troated Is welt five years after resection of an 
extensive esophageal cancer, with a functioning 
slcln graft which replaced her resected cervical 
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Methods of Reconstruction of the Thoracic 
Esophagus 

T/ieoc/ore R. Miller 
and 

Charles D. Sherman, Jr. 


On May 21, 1894, Bircher performed the 
first stage of a subcutaneous esophagoplasty 
using a tube made of the patient’s skin. 
Esophageal reconstructions were first done 
to by-pass or repair strictures caused by the 
ingestion of caustic materials. During the past 
twenty years, indications have broadened to 
include patients with atresia of the esophagus 
or tracheoesophageal fistula, patients who 
have had resection of the esophagus for 
esophageal varices, stricture secondary to 
esophagitis, or cancer, and in some instances 
for complications of x-ray treatment of 
esophageal cancer. 

Volcker is credited with the first attempt 
at resection of the esophagus, but it was Torek 
[44] who in June, 1913, accomplished the first 
successful resection of the thoracic portion of 
the esophagus for carcinoma. According to 
his description of the operation, a trans- 
thoracic approach was used. After the esoph- 
agus was ligated in continuity and divided 
and the distal stump turned m by purse-string 
sutures, the thoracic esophagus was dissected 
free of its bed by blunt and sharp dissection. 
An incision was then made in the neck along 
the anterior border of the left sternomastoid 
muscle. Dissection was completed from above 
and below and the esophagus was drawn out 
into the neck; The patient was left with an 
esophagostomy and a gastrostomy had to be 
constructed for feeding purposes. 

In spite of Torek's comment, when he re- 
ported his case after seven years’ survival, 
that the “condition of the patient allowed a 


comfortable and happy existence,” there is no 
question that most patients are not happy liv- 
ing with a permanent esophageal fistula and 
a gastrostomy. Because of the great difficulty 
in re-establishing gastrointestinal continuity 
following subtotal resections of the Torek 
type, most surgeons have compromised in 
the length of the esophagus resected and have 
elected to use the stomach for primary 
csophagogastrostomy. The authors believe that 
the proper procedure for treating esophageal 
cancers, except those in the lowermost por- 
tion, consists of a total thoracic esopha- 
gectomy together with removal of a small 
segment of the upper part of the stomach 
and the left gastric artery with the sur- 
rounding nodes (Figure 37-2). 

INDICATIONS FOR ESOPHAGOPLASTY 
IN PATIENTS WITH CARCINOMA 

FOLLOWING RESECTION FOR TUMOR 

A resectable cancer of the middle or upper 
portion of the thoracic esophagus is the prime 
indication for esophagoplasty. Although there 
is a separate chapter dealing with cancer 
of the cervical esophagus (Vol. Ill, Chap. 
15), it should be mentioned that cancers of 
this location sometimes extend downward 
so far that adequate excision means resection 
of the esophagus down into the midthoracic 
region. The problem of esophagoplasty to 
bridge such a long gap then is approximately 
the same as that following subtotal esopha- 
gectomy of the Torek type. 
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TABLE 37*1.— Methods of Reconstruction 
op the Thoracic Esophagus 


L Demutocsophagoplasty; use of skin alone: 

A. Full thickness skin (Birchcr) 

B. Thiersch inlay grafts lining skin tunnel 
(Esser) 


If. Gastrocsophagoplasty: 

A. Salpingogastrocsophagoplasty; formation 
of tube from stomach 

1. From greater curvature (Bcck-Jianu- 
Halpem-Gavriliu) 

2 From anterior surface (Hirsch) 

B. Gastroesopbagophsty; use of enure 
stomach: 

1. Antiperistaltically (Fink) 

2. Isopcristaltically (Kirschncr) 

UL Jejunocsophagoplasty; use of small bowel 
alone: 

A Mobilization of jejunal segment anterior 
to transverse colon (Roux) 

B. Mobilization of jejunal segment through 
lesser sac (Herzen) 

IV. Jejunodermatocsophagoplasty; use of small 
rowej and skin tube: 

A. Y-aiustomosis of jsjunum (Wullstcin) 

• Jejunal segment anastomosed to stomach 
(Lexer) 

V- Coloesophagoplasty : 

A. Transverse colon 

J* Isoperistaltic (Kelling) 

2 . Antipenstaltic (Vullict) 

H Ascending colon (Roith) 

feoitce- A. Ochsner and N. Owens [20]. 


the 7 ° the s,omacfl secondary to cutting 
the t,m» US " erves * Wlt h encroachment on 
esonh™ S . 3nd ° lher * ntrath oracic structures; 

S r “ d Stricturc formation. Rc- 
and ni.!!" °* Sastric juice into the pharynx 
certain Sl0na as P‘ rat i° n often occur. In a 
rot he mT DtaSe ° f cases thc stomac h can- 
the use of this ^ rcach the neck ‘ Re P orls on 
high mortality rate. CdU,e n0te a rathcr 

^ OF SMALL BOWEL 
bowel cirn i^ e * C arC ^^cultics to using small 
^instruction 5 ■ CX,St wheD its use in 

he Used after . ,ndlcat ® d * The jejunum can 
Prison mi t J® m * lhod °f Yudin [49], 
he used wuh \.. nd otbers i or the *leum can 
up “ ,he 


Infrathoracic Jejunoesophagoplasty 

Thc use of jejunum, originally proposed 
by Wullstcin [48], Roux (29], and Herzen 
[11], is beset with difficulties. Thc first diffi- 
culty Jics jn thc fact that in 30 to 60 per cent 
of cases the loops cannot be raised with suffi- 
cient length to reach thc neck without ne- 
crosis, owing to poor blood supply. This 
makes placement within thc chest hazardous. 
Attempts have been made to increase thc 
blood supply to thc transplanted jejunum by 
raising it in stages, as one \\ ould increase thc 
blood supply to a skin tube by raising it in 
stages. This occasionally has proved satisfac- 
tory, but there have been a number of 
instances where secondary exploration has re- 
vealed so much scarring of thc transplant, 
particularly around thc blood vessels, that it 
is more difficult to raise a transplant at a 
second stage than it was originally. Russian 
and French surgeons have increased the blood 
supply by dividing thc fascial attachments at 
thc root of thc mesentery, freeing thc superior 
mesenteric artery so that it would turn upward 
more easily. A third method of avoiding 
necrosis involves taking thc jejunal transplant 
as high in thc chest as it will go without 
tension as a first stage and later rcmobilizing 
thc loop and bringing it thc rest of the way 
to thc neck. After thc jejunum has been 
brought high in thc chest or to thc thoracic 
inlet as an initial stage, remobilization may 
include dividing of smaller arcades which may 
not be divided at thc original procedure, allow- 
ing greater length to be obtained. Other 
procedures, such as anastomosing the jejunal 
blood supply to thc internal mammary artery 
or multistagmg the procedure so that thc 
jejunal transplant can be completely divided 
from its blood supply and encased in a tube of 
skin, arc historic procedures and not of any 
practical significance today. 

Another problem relates to the anastomosis 
of the lower end of the transplant. If thc 
stomach is by-passed, the patient’s nutrition 
is impaired and the isolated gastroduodenal 
segment may ulcerate or hemorrhage. If the 
jejunum is anastomosed into thc stomach, 
peptic ulceration of its lower end becomes a 
possibility. Yudin, who had had a tremendous 
experience with esophageal resection, always 
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Fig. 37-2. The drawing show* the long submucosal 
extension of tumor and skip mctastasei, which can 
involve lengths of from 15 to 20 cm. or more. It also 
shows the recommended incision necessary to encompass 
this extension and the left gastric nodes that are often 
involved in cancers of the middle and upper thirds of 
the esophagus. 


USE OF STOMACH 

The use of an antiperistaltie tube from the 
greater curvature of the stomach was first 
proposed in 1905 by Beck and Carroll [3] 
and successfully employed by Jianu, a Ru- 
manian surgeon, in 1912 [11a]. Mes [16] in 
1948 made an isoperistaltic tube from the 
entire greater curvature which, when placed 
as a subcutaneous transplant, would reach 
the level of the pharynx without necrosis. 
Wangensteen [46] has reported two success- 
ful tubes of this type. Gavrihu is said by 
Heimlich [9] to have reconstructed the esoph- 


esopbagus and two thirds of her thoracic esopha- 
gus (see Vol. HI, p. 233). The graft was supported 
v>y a plastic Stent consisting of a Bemui tube. 
■When' esophageal cancers cannot be resected and 
nroduce obstruction, various plastic prostheses 
available to maintain patency of the esopha- 
gus; these Prostheses do not interfere with radia- 
Uoa therapy, if this be Indicated [31a]. 


Tumors of the Esophagus 
agi of 52 patients with an antiperistaltic tube 
of the stomach with 100 per cent success, It 
has been stated that these antiperistaltic tubes 
ultimately change their peristalsis into an 
isoperistaltic direction. Heimlich has success- 
fully replaced the esophagus with a reversed 
gastric tube in ten patients [10]; he states that 
this procedure provides a physiologic means 
of esophageal replacement (see Figures 37-5 
through 27-8). A major disadvantage of this 
procedure is that the removal of a small seg- 
ment of the upper part of the stomach, in- 
cluding the left gastric artery with the 
surrounding lymph nodes, is not technically 
feasible. 

The use of the entire stomach placed sub- 
cutaneously, both in an antiperistaltic and an 
isoperistaltic manner, has been recorded as a 
method of replacing the esophagus. 

The most common method of recon- 
structing gastrointestinal continuity following 
esophagectomy has been an esophagogastro- 
anastomosis (see Chap. 35) . The higher above 
the aortic arch one makes an anastomosis, the 
greater becomes the morbidity and mortality. 
Disadvantages in the use of a high esopha- 
gogastroanastomosis include dilatation and 



Fig. 37-3. By-passing procedure. If a tumor cannot 
possibly bo excised, a palliative by-passing procedure 
through the substernat tunnel it used. The dnlol 
esophagus in the neck it dosed, and an end-to-end 
anastomosis between the proximal cervical esophagus 
and the ileum (or cecum) it done. 
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b)-pas$cd the stomach because of the danger 
of peptic ulceration of the jejunal segment. 
Some writers have reported that 20 to 25 per 
cent of their patients have poor nutrition 
when the stomach is by-passed. There have 
been several instances of ulceration and hem* 
orrhage from the isolated gastroduodenal 
segment when the stomach is by-passed, but 
these base been predominantly in children, 
and it may be that this is not of real sig- 
nificance in adults in whom a vagotomy has 
been done. There is recent experimental 
evidence (Merendino 1153) to indicate that 
peptic digestion of the jejunum, when it is 
anastomosed into stomach, is rare. Monte- 
negro (I8J, on the basis of experimental evi- 
dence, suggests that it is best to anastomose 
the transplant to the uppermost portion of the 
stomach. 


Subcutaneous Antethoracic 
Jejunoesophagoplasty 

Although this procedure now' is mainly c 
historic interest, one of us (T. R. M.) ha 
several patients with long-term cures wh 
a>e been subjected to this reconstructs 
operation. 

-jP 16 ° ri £ inal Torek operation combine 
>th subtotal gastrectomy and wide nod 
issvCtion leases the patient with a ccrvica 
P ageal fistula and a gastrostomy, whic! 
fM en , rec0n structcd by staged procedure 
35 illustrated in Figure 37-4. 

As has been noted by others, the ieiuntir 
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ccdurc arc (1) the ease with which an ade- 
quate length of transplant can be prepared 
with unquestioned viability, and (2) the seem- 
ing resistance of colon to peptic digestion, 
thereby allowing the lower end of the trans- 
plant to be anastomosed into the stomach 
without fear of ulceration. There have been 
about two hundred of the ileocolic transplants 
performed in the United States (Sherman). 
The mortality has been low (5 per cent to 
10 per cent). The functional results arc good. 

TECHNICS OF ESOPHAGOPLASTY 

GENERAL CONSIDERATIONS 

If there is a possibility that a colon trans- 
plant may be used, the colon should be pre- 
pared by a low-residue diet progressing to a 
clear liquid diet for the last two days, Sulfa- 
thalidinc and/or neomycin to sterilize the 
bowel, and enemas and cathartics. A barium 
enema helps to rule out abnormalities of the 
colon. 

In order to allow two operating teams to 
work simultaneously in the chest and ab- 
domen, the patient is placed at a 30-degree to 
40-degree angle and the procedure is started 
by the thoracic team, which resects the fifth 
rib through a right anterolateral exposure. If 
the cancer proves resectable, the abdominal 
team makes a mid-line incision in the abdo- 
men extending to the xiphoid If the final 
decision is to do an esophagectomy and re- 
construction in one stage, the abdominal team 
resects the upper part of the stomach and 
the lymph nodes along the left gastric artery 
and prepares the transplant. The thoracic team 
divides the esophagus at the inlet, closing 
the superior portion with a continuous suture 
to prevent drainage of saliva into the thorax 
after closing the chest. Frozen-section ex- 
amination of the distal portion of the divided 
esophagus should be done, which if positive 
for cancer necessitates a higher resection. Be- 
cause of the continuous submucosal spread 
of tumor and skip metastases in a seemingly 
norma! esophagus, the authors have had to 
resect as high as the pharynx before obtain- 
ing a negative frozen section in some patients, 
even though the primary tumor was in 
the midthoracic esophagus. The specimen then 
is delivered from above downward through 



Fig. 37-4. Subcutaneous antethoracic esophogojejunal reconstruction. (Fop left) Control of the salivary fistula 
which is formed as a port of the first stage. The fistula is encouraged to close partially, and a condom attached 
to a rubber bag or glove is used for the collection of saliva. Temporary stage. (Top right ) Esophageal anastomosis 
just below the clavicle. A subcutaneous tunnel is fashioned in the chest wall, through which the proximal segment 
of Jejunum is brought from the abdomen through the chest wall for anastomosis to the proximal esophagus (Bottom 
left) Subcutaneous antethorocie jejunal substitution for esophagus. (Bottom right ) Lateral esophogram of antethoracic 
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ccssivcly the next proximal one beginning with 
the artery selected to supply blood to the 
transplant. In this manner a length of viable 
iciunum sullicicntly long to reach the neck can 
often be raised. Occasionally, to increase 
length, secondary arcades in the midportion 
of 'the mesentery may be divided if the col- 
lateral circulation of the marginal artery near 


fig 37*7. Ui« of r*vtr>«d goilnc tub* to reploco 
Moahogui Through th. inc.iion in th« n.tV lb* c.rvitol 
eiophagul hoi been dividtd. Ill dulol end ho» b** n 
cloied and hoi retreated into iho thorax. The proximo! 
end of the eiophogui ha» been onoitomoied end fo- 
etid to the reverted geitric tube. Tho goitroepiploiC 
vesieli are teen octompanying the gaitrie tube, (from 
a film produced by Dr. Henry J. HeimlicK, by Baxter 
loboratonei ) 

vertebral fascia to hook the cervical esopha- 
gus and bring it up into the wound. If the 
frozen section has shown tumor in the sub- 
mucosa, then additional cervical esophagus 
is resected. The proximal portion is then ready 
to be anastomosed to the transplant of 
stomach, smdll bowel, or colon (see below) 

GASTRIC ESOPHAGOPLASTY 
Tbe technic for performing an esophago- 
gastric anastomosis is described in Chapter 35. 

The technic for employing a gastric tube 
to replace or by-pass the esophagus, as de- 
scribed by Heimlich [9], is illustrated in 
Figures 37-5 through 37-8, 

JEJUNAL ESOPHAGOPLASTY 
Care is exercised to pick the largest jejunal 
vessel that will give a sufficient length of trans- 
ient by dividing the branches proximal to it. 
Usually the fourth, fifth, sixth, or occasionally 
seventh branch will prove to be the largest 
'tssel. The peritoneum on both sides of the 
mesentery i s elevated by the injection of 0.5 
cent _ Novocain subperitoneally, and it is 
en excised from the root of the mesentery 
award the bowel (Figure 37-9). The arteries 
^ veins are then ligated separately near 
5 root of the mesentery, dividing sue- 
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Fig 37-5 Uio of reversed gastric tube to replace or 
by-pass esophagus. (Fop) The spleen hoi been resected. 
(Arrow) Ligated splenic vessels. The dash line indicates 
the blood flow directed from the splenic vessels info 
the Jeft gastroepiploic vessels to supply the greater 
curvature of the stomach. (Bottom) An incision has been 
mode into the antrum and extended parallel to the 
greater curvature. The gastric tube thereby formed re- 
mains attached to the stomach at the fundus (From a 
film produced by Dr. Henry J. Heimlich; by Baxter 
Laboratories ) 

(he hiatus into the abdomen to the abdominal 
team. 

Unless the patient is in excellent condition, 
reconstruction should be delayed. After clos- 
ing the chest, the proximal esophagus is 
brought out to the neck and a gastrostomy is 
done. If the reconstruction is to take place 
immediately, the thoracic team closes the 
chest and then makes a four-inch incision 
3long the anterior border of the left sterno- 
cleidomastoid. The esophagus is approached 
between the strap muscles and the carotid 


Tumors of the Esophagus 
shcalb, taking care to avoid injury to the 
recurrent nerve. One’s finger easily enters the 
plane between the esophagus and the pre- 



fig 37 -6. Use of reversed gastric tube to replace 
esophagus. (Top) The gastric tube has been reversed 
and lies an the chest. The anterior and posterior walls 
of the stomach have been approximated, completing 
the gastric lube and reconstituting the stomach. A 
rubber catheter is seen emerging from the gastric tube; 
this hos been used as a mold on which the tube is 
reconstructed and is removed at this time. The tail of 
the pancreas (arrow A) has been freed and carries 
the spienic vessels ta the costal margin, permitting the 
gastroepiploic vessels (arrow B) to accompany the 
gastric tube to the neck. (Bottom) The reversed gastric 
tube hos been drawn through a subcutaneous tunnel 
to the neck. (From a film produced by Dr. Henry J. 
Heimlich, by Baxter laboratories.) 




s. <Ffom J. T. Reynolds and J. P. Young, Jr. [27], courtesy Surgery.) 
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the bowel is adequate. Care must be taken 
throughout the procedure not to rupture or 
damage the small vessels, which might necessi- 
tate ligation of essentia! collaterals. One 
must also be careful about tension on the 
veins that may cause thrombosis or rupture of 
these friable vessels. If the transplant appears 
viable, it may be passed posterior to the 
stomach and through the mediastinal tunnel 
to the neck and anastomosis accomplished 
as described below for right ileocolic esopha- 


Turaors of the Esophagus 
HEAL ESOPHAGOPLASTY 
The ileocolic artery is longer and larger 
than any of the jejunal branches and can be 
used as the arterial supply to an isoperistaltic 
loop of ileum (Sherman) (Figure 37-11), A 
small segment of cecum or ascending colon 
can be left attached to the transplant and 
this segment then anastomosed into the 
an tenor wall of the stomach. This allows the 
possibility of the mucus from the cecum 
affording some added protection against peptic 



Fig. 37-9. Ejophogoptajty having a jejuna) traruplonj. firit, the 
largest branch (4th, 5th, 6lh, or 7th) of the upper jejunal ortery 
i* selected as the blood supply and then I he arterial branches ore 
divided proxiifially in succession. Arteries and veins are ligated 
separately until enough length is obtained. The jejunum is then 
divided at appropriate points near a and b and the transplant is 
passed through the subtternal tunnel to the neck. The end a is 
onaslomosed to the cervical esophagus and the end b to the 
stomach. The blood supply lies posterior to the stomach. 


goplasty. While the distal end may be planted 
to the gastric remnant, jt is perhaps better 
to leave the stomach isolated, obviating the 
risk of peptic ulceration at the lower end 
of the jejunal segment. Heineke-Mikulicz 
pyloroplasty and gastrostomy are supple- 
mental measures that are carried out prior 
to closing the abdomen. If, during the prepara- 
tion of the transplant, it becomes obvious that 
not enough length can be raised, the attempt 
must be abandoned. If a segment of bowel, 
already raised, becomes nonviablc, it must 
be resected and some other type of reconstruc- 
tion performed. 


digestion of the lower end of the transplant. 
The proximal ileum is then taken to the neck 
through the substemal tunnel lor anastomosis 
with the cervical esophagus or pharynx. 

RIGHT ILEOCOLIC ESOPHAGOPLASTY 
For the reconstruction of the entire thoracic 
esophagus, the right ileocolic transplant has 
proved most satisfactory. Although the num- 
ber and size of the arteries to the right half 
of the colon and terminal ileum vary con- 
siderably, the blood supply through the 
middle colic arteries is almost always suffi- 
cient to give adequate nourishment to the 





Tumors of ihc Esophagus 



Fig. 37-11. The isoperistaltic ileal transplant. The 
ileocolic artery is the largest and longest of all arteries 
supplying the small intestine. Although this has been 
the least used of all transplants, it may prove to be 
one of the best. The mucus production by the cecum 
helps protect it against peptic digestion when it Is 
anastomosed into the stomach. The size and toughness 
of the ileum make It a good structure to anastomose to 
cervical esophagus. 



of the collateral circulation through the middle colic artery, the 
ileocolic vessels are divided The ileum is divided four to si* 
inches from the ileocecal valve and the transverse colon is 
divided near its mid portion. (Front E. B. Mahoney and C. D. 
Sherman, Jr. [U], courtesy Surgery.) 



Methods of Reconstruction of the Thoracic Esophagus 


entire transplant. The exposure is through a 
long mid-line or right paramedian incision 
extending from the xiphoid to below the 
umbilicus. Mobilization of the right colon is 
performed by cutting the lateral attachments 
of the ascending colon and cecum and dis- 
secting in the avascular retroperitoneal region. 
The hepatic flexure is similarly dissected. This 
permits the right half of colon and terminal 
ileum to be lifted out of the abdomen so that 
an estimate can be made of the character of 
its blood supply and of the length of the 


colon to the terminal ileum. The ileocolic 
artery and veins are ligated separately close 
to their origin in the root of the mesentery 
so as not to damage collateral vessels closer 
to the cecum. The transplant can now be 
swung up over the chest wall to the neck to 
evaluate its length. Care is taken again not to 
damage the collateral circulation and particu- 
larly the veins, which arc more friable than 
the arteries and are just as important to the 
support of the transplant. 

The substcrnal tunnel is very easily created 



Fig. 37-13. Esophogoplasty uling right ileocolic transplant. After separating the diaphragm from the xiphoid, dis- 
section of the substerna! tunnel is easily and quickly accomplished by blunt finger and hand dissection upward until 
the fingers enter the neck wound. 


transplant which can be raised (Figure 37- 
12). Unless there is some obvious anomaly 
of the colon or its blood supply, testing of the 
collateral blood supply to the transplant 
through the middle colic artery is done 
by placing arterial clamps upon the ileocolic 
artery and those few collaterals coming from 
the ileal vessels so that the only blood supply 
comes through the middle colic artery. 
Routine appendectomy is performed while 
one waits to evaluate the efficiency of the 
collateral circulation. Almost always, this 
collateral circulation will prove sufficient and, 
accordingly, the ileum is divided about six 
or seven inches from the ileocecal valve, care 
being taken not to damage the collateral cir- 
culation through the marginal artery of the 


by continuous upward dissection of the 
fingers and hand until the fingers can be seen 
through the neck incision just above the 
suprasternal notch (Figure 37-13). The trans- 
plant is passed posterior to the stomach 
through the gastrohepatic ligament, then up 
through the substernal tunnel to the neck 
(Figure 37-14). It is preferable to push the 
transplant with the hand rather than to do 
any excess pulling from above with a suture 
or clamp. At the neck a wide aperture to the 
thoracic inlet is made by dividing the attach- 
ments of the strap muscles and part of the 
sternocleidomastoid muscles, and by sharp 
dissection to divide all the fascial tissues. 

With the transplant in place and making 
certain that there is no tension on the blood 
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Fig. 37-1 1 . The Uoperistoltic ileal Ira ns plant. The 
ileocolic artery it the largest and longest of all arteries 
supplying the small Intestine Although this has been 
the least used of all transplants, it may prove to be 
one af the best. The mucus production by the cecum 
helps protect it against peptic digestion when it it 
anastomosed into the stomach. The size and toughness 
of the ileum make it a good structure to anastomose to 
cervical esophagus. 



Fig. 37-12. Fsephagoplojty using right ihocolk tronipioni. 
Alter mobilizing the right colon end testing for the adequacy 
of the collateral circulation through the middle cohe artery, the 
ileocolic vessels ore divided. The ileum is divided four ta si* 
inches from the ileocecal valve and the transverse Colon Is 
divided near its mid portion. (From £. B. Mo honey and C. 0. 
Sherman, Jr. tW], courtesy Surgery.) 
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Bilateral chest catheters arc inserted. If this 
is omitted, each hemithorax should be as- 
pirated before the patient leaves the operating 
room and an x-ray should be taken in the 
immediate postoperative period to prove the 
absence of pneumothorax. 


LEFT COLON E50PHAGOPLASTY 
This transplant can be based upon a pedicle 
containing the middle colic artery and thus 
raised in an antipcristaltic manner, carrying 
the descending colon to the neck. On the other 
hand, an equally good, probably bettcr-func- 



fig. 37-15. Etophagoplaiiy wing light ileocolic irantplant. 
the completed operation, the cecum or ileum hat been anatto- 
moted to the cervical esophagus in the neclc, the lower end of 
the transplant hat been anastomosed into the anterior wall of 
the stomach, avoiding sagging of colon below the anastomosis. 
Bowel continuity has been re-established by careful end-to end 
anastomosis of ileum to left transverse colon, using a single 
layer of interrupted silk. [from E. B. Mahoney and C. D. Sher- 
man, Jr. [I4J, courtesy Surgery) 


TRANVERSE COLON ESOPHAGOPLASTY 
The arteries to the right side of the trans- 
verse colon arc usually larger than those to the 
left side. For this reason, when a transplant 
is raised for a sufficient length to reach the 
neck, the isoperistaltic transplant (Figure 
37-16 A) affords a better blood supply than 
the antiperistaltic transplant (Figure 37-16B). 


honing transplant can be made by using a 
pedicle containing the inferior mesenteric and 
left colic arteries as the blood supply to the 
transplant, carrying the divided transverse 
colon to the neck. When the left part of the 
transverse colon and descending colon are 
used as a transplant, Rudler has recommended 
excising the right half of the colon and doing 
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supply, the excess ileum or ilcocccum is ex- 
cised in the neck and an end-to-end anasto- 
mosis is made between the tip of the 
transplant and the cervical esophagus, using 
two to two and a half layers of carefully 
placed sutures of 00000 or 000000 silk. In 
order to make the anastomosis a large one, 
the cervical esophagus is slit in a longi- 


Tuniors of the Esophagus 
in order to avoid pull on the anastomosis 
that occurs when the patient assumes an up- 
right position. 

In the abdomen, the transverse colon, 
which has been drawn behind the stomach, is 
divided in an appropriate location so that it 
can be anastomosed as high in the stomach as 
is feasible. The lower end of the transplant is 



Fig. 37-14. Eiop hag op laity using right ileocolic transplant. 
The transplant is passed posterior to the stomach, through the 
gastrohepatic ligament, and then through the substernal tunnel 
to tho neck. Care is taken to avoid damaging the friable veins 
□r causing venous thrombosis by too much tension. (From E. B. 
Mahoney and C. D. Sherman, Jr. [14], courtesy Surgery-) 


tudinal direction slightly and if the ileum is 
used, it is also slit on the antemesenteric 
border for a short distance before making the 
anastomosis. If the cecum is used for anasto- 
mosis {the terminal ileum having been ex- 
cised), it is preferable to make an incision 
into the cecum parallel to the entering blood 
supply to avoid transecting any vessels com- 
ing into the bowel. The cecum is sutured to 
the surrounding tissues in the neck. The pa- 
tient is kept lying in bed for six or seven days 


anastomosed to a suitable section of the 
anterior wall of the stomach with either one- 
layer or two-layer anastomosis. Bowel con- 
tinuity is re-established by an end-to-end 
lleotransverse colostomy (Figure 37-15) con- 
sisting usually of a single layer of interrupted 
silk sutures. Heineke-Mikulicz pyloroplasty is 
done routinely because the stomach has been 
vagotomized. As a safety precaution and for 
feeding purposes, a gastrostomy is performed. 
The abdomen is closed in a routine manner. 
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Fig. 37-17. Esophogoplasty gimg left Colon troniplant. A Isoperistaltic left colon trantplant. This gives consistently 
the longest transplant of all bowel transplants and may prove to be the best one to use after cervical esophagectomy 
laryngectomy. As always, the collateral circulation should be tested by clamping prior to dividing the left branches 
of the middle colic orlery. B. Antiperistaltic left colon transplant. This also consistently gives a long transplant but 
has the minor objection of being antiperistaltic. 
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an ileosigmoidostomy rather than attempt to 
bring the remnant of the right half of the 
transverse colon down to the sigmoid and do 
an anastomosis to re-establish gastrointestinal 
continuity (Figure 37-17). 

MISCELLANEOUS CONSIDERATIONS 

IMMEDIATE RECONSTRUCTION 
The most common method of immediate 
reconstruction constitutes an csophagogastros- 


Tumors of the Esophagus 
ISOPERISTALSIS VERSUS ANTIPERISTALSIS 
Isopcristalsis is the preferred method for 
effecting an anastomosis, especially when 
small bowel is used. One of us (C. D. S.) has 
shown by moving pictures that reverse peris- 
talsis for esophageal replacement can be 
dangerous, and antiperistalsis may carry ma- 
terial placed in the stomach all the way to the 
pharynx. However, one of us (T. R. M.) has 
used antipenstaltic small bowel replacement 
with good results and has a number of pa- 




Fig. 37-16 Esophagoplasty using transverse colon. A. Isoperistaltic transplant of transverse colon with arterial 
supply coming through arteries of the left side of the transverse colon. There is considerable variation in the quality 
of collateral circulation with this type of transplant, and testing by clamping the arteries of the right side is impor- 
tant before actual division of these vessels. If the blood supply is adequate, the isoperistaltic transplant is preferred 
over the antiperistallic shown in B. B. Antiperistaltic transplant of transverse colon. The "right colic" artery gives a 
very good blood supply to this transplant, but the isoperistaltic transplant is preferred. 


tomy (see Chap. 35). Other methods consist 
of the use of colon, jejunum, or a tube of 
stomach. Immediate reconstruction with 
organs other than stomach should not be done 
unless the patient’s condition is good, inas- 
much as the other methods of reconstruction 
readily lend themselves to a second-stage 
operation and the oyer-all mortality drops 
markedly with the two-stage procedure. 

DELAYED RECONSTRUCTION 
When the colon, jejunum, or stomach tube 
js used for delayed reconstruction of the 
esophagus, the second stage may take place 
from two weeks to six months following the 
primary procedure (Figure 37-18). 


tients who are entirely asymptomatic from 
four to seven years after this procedure. 
Since the peristalsis of the colon is not as 
marked and the lumen is large, the direc- 
tion of peristalsis is not very significant when 
the colon is used for replacing a removed 
esophagus. 

ROUTE OF ASCENT OF THE TRANSPLANT 
Inasmuch as the authors prefer a subtotal 
Torek type of esophagectomy, a cervical anas- 
tomosis is performed. Such an anastomosis is 
safe, for if there is a leak or breakdown, this 
is usually a minor complication, healing spon- 
taneously, often without stricture. The safest 
and shortest route is through the substernal 
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Radiation Treatment of Esophageal Cancer 
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Cancer of the esophagus may remain 
localized until death resulting from perfora- 
tion of the esophagus. Post-mortem examina- 
tion in 180 patients who died from esophageal 
cancer showed distant mctastascs in 76 (42 
per cent) and bone mctastascs in 12 (6.6 per 
cent). Two patients with early esophageal 
cancer treated by protracted x-radiation died 
as a result of perforation of the esophagus 
followed by suppurative mcdiastinitis. At 
autopsy, no residual cancer or metastatic 
deposits were found. Thus, external irradia- 
tion may effect a complete destruction of 
localized esophageal cancer in a few instances. 

The technics and results of treating 782 
patients by radiation therapy arc presented 
in this chapter. 


METHODS OF RADIATION THERAPY 

The radiation treatment procedures arc 
divided into five groups. The first group in- 
cludes patients treated with external roentgen 
therapy by the protracted or fractionated 
dosage method. The second group was treated 
by gastrostomy and intracavitary radium ele- 
ment tandem. A third group includes patients 
treated first by gastrostomy and then by ex- 
ternal irradiation followed by divided doses 
with the radium element tandem. The fourth 
group, composed of a small number of pa- 
tients with cancer of the upper esophagus, 
was treated by surgical exposure of the cancer 
and the insertion of gold-filtered radon seeds 
directly into and about the tumor. A fifth 
method of treatment is “rotation x-ray 



Fig. 38-1. The esophageal radium element tandem. A. Unassembled- 1, three radium 
element tubes of 10 mg. each; 2, two dummy tubes; 3, flat wire stoinless steel tubing 
Ur.lh nickel steel end pieces; 4 black rubber tubing. B. Mechanical drawing of tandem, 
v— Tandem assembled ready for use. 
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tunnel. Transplants have been made through 
the posterior mediastinum, in the right and 
left pleural cavities, both anterior and pos- 
terior to the lung, and subcutaneously, but 
are considered by the authors to be inferior to 
the substernal route. The substernal route 
places a transplant out of the path of x-ray 
beams which may be directed to the lymph 
nodes of the posterior mediastinum following 
esophageal resection for carcinoma, or to 
residual carcinoma when a palliative by-pass 
procedure has been performed. The substernal 
route is also ideally suited to the two-stage 
procedure since the chest does not have to be 
re-entered by formal thoracotomy in order to 
transport the transplant to the neck. 

CERVICAL FISTULAS 

This may occur when an ileocolic trans- 
plant is used but is not usually a serious 
problem. Transplants of colon, but more 
often of jejunum, may break down for a 
considerable distance owing to gangrene of 
the upper half of the loop. This complica- 
tion is best treated by adequate drainage 
through a median sternotomy to the level of 
viable bowel. If the gangrenous segment is 
not too long, it may heal spontaneously; or 
it is occasionally possible at a later operation 
to mobilize the remaining colon or jejunum 
sufficiently so that a re-anastomosis can be 
performed. 


Tumors of the Esophagus 

CERVICAL ANASTOMOSIS AS A 
PALLIATIVE BY-PASS PROCEDURE IN 
INOPERABLE CANCER 

A high percentage of inoperable carcinomas 
will perforate in the mediastinum or into the 
trachea, creating a tracheoesophageal fistula. 
For this reason, it is advisable when a pallia- 
tive by-pass procedure is accomplished to 
divide the esophagus and invert the lower end, 
thereby avoiding drainage through such per- 
forations. Scanlon believes that, when tumor 
of the esophagus extends into the cervical 
region, it is best simply to perform an end- 
to-side anastomosis. Neville [19] suggests 
that a catheter be placed in the distal open 
end of the esophagus and brought out laterally 
through the neck. 

USE OF INERT MATERIALS IN 
ESOPHAGOPLASTY 

Various stiff and pliable plastic and other 
inert materials have been used to bridge 
short defects to esophageal continuity, par- 
ticularly following palliative resections sim- 
ply to restore a lumen. Inert metal and plastic 
tubes have been introduced through an esoph- 
ageal cancer to restore or maintain the lumen 
so that the patient could swallow. None of 
these procedures is recommended when there 
is a chance for cure. Occasionally they may 
seem to offer the best hope of maintaining a 
lumen, but in general there are other methods 
of palliation (resection, by-pass, irradiation) 
that are more useful. 



Radiation Treatment of Esophageal Cancer 

mm.) esophagoscope is passed into the 
stomach, the gastric contents are aspirated, 
the organ is distended with air, and the olive- 
tipped bougie or string is picked up with 
biopsy forceps and brought out through the 
stoma (Figure 38-2) . Stout shoemaker’s twine 
is substituted for the silk and tied to the 
tandem, which is then passed through the 
gastrostomy stoma into the stomach and 
drawn upward into the esophagus to the lower 
level of the cancer. The oral end of the string 
is then passed through a regular adult csopha- 
goscope, which in turn is inserted into the 
esophagus down to the tumor. By steady trac- 
tion on the oral end of the string, the tandem 
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720 mg. hrs, (30 mg. for 24 hours)* has been 
delivered, the tandem is drawn upward and 
out through the mouth, a fresh length of 
string having been tied to the distal end and 
drawn through the stoma, to be used in re- 
inserting the applicator for the next treatment. 

The tandem is inserted every two days over 
a period of eight to twelve days, during 
which time a total of from 2,280 to 4,320 
mg. hrs. is delivered to the tumor region. The 
patients do not complain of discomfort dur- 
ing treatments, and if the throat is well 
cocainized and 1 per cent procaine is used to 
infiltrate the skin about the gastrostomy 
stoma before dilating it, they do not greatly 



Fig. 38 3. The radium element tandem it pulled upward by 
steady traction until, under direct esophagoicopic vision, the 
level of the esophageal cancer is reached 


is pulled upward under direct vision until its 
proximal end is 3 cm. above the upper limits 
of the tumor (Figure 38-3). 

The esophageal lumen is usually narrow 
and the tandem tends to be held firmly in 
position by the neoplastic stricture, but it is 
nevertheless anchored in place by fastening 
the proximal end of the string to a tooth and 
the distal end with adhesive tape to the 
anterior abdominal wall. The length of the 
proximal and distal ends is measured and 
these measurements arc used in reinserting the 
tandem for the next treatment, thus eliminat- 
ing the necessity for repeated endoscopic pro- 
cedures. The tandem is left in position for 

4 hours, during which time the patient ex- 
pectorates his saliva and regular nutrition is 
maintained by gastrostomy feedings. 

At the end of 24 hours, when a dose of 


mind the original endoscopic procedure and 
initial insertion of the tandem. 

Treatment by gastrostomy and intraesopha- 
geal irradiation with a special 30 mg. radium 
element tandem proved unsatisfactory. The 
applicator, with a total filtration equivalent 
to 2 mm. brass, was found to have a bene- 
ficial effect in lessening tumor infection, heal- 
ing ulceration, and widening the lumen of the 
esophagus at the tumor site, but had ap- 
parently little effect on the mam tumor mass. 

Although radium is seldom used at present, 
the above technic would lend itself well to a 

* Until recently, all expressions ol interstitial 
radiation therapy consisted of the terms “milli- 
gram hours,” when radium was used, and “milll- 
curie hours,” when radon was used It would he 
impossible at this time to evaluate the tumor 
volumes that would be necessary to convert the 
above expressions into the at present acceptable 
term of “gamma roentgens.” 



592 

therapy” (see Vol. I, Chap. 19, and Chap. 
39, this volume). 

Intraesophageal Radium Therapy 

The radium tandem (Figure 38-1) is a 
moderately flexible rubber-covered applicator 
of flat, coiled, stainless spring steel gilly wire 
with smooth, blunt, nickel steel ends each 
with a loop of stainless steel wire to facilitate 
attachment of the shoemaker's twine used in 
manipulating and holding the tandem in its 
proper position in the esophagus. It has an 
over-all length of 12.3 cm., although it is well 
to have a second and shorter applicator for 
the treatment of small cancers and those just 
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its peroral extraction. The flat wire allows 
even radium filtration not possible when a 
round wire is used. This tubing is safe, is 
easily cleaned, and does not rust and cause 
difficulty in the removal of the radium 
needles. The inside diameter of the tube is 
1.5 ram,, sufficient to allow easy introduction 
of the radium clement needles. The outside 
diameter is 8 mm. 

Securely screwed to each end of the flat 
wire tube is a smooth, blunt-nosed, nickel 
silver piece that allows easy introduction, 
without trauma, through the gastrostomy 
stoma and also through the narrowed diseased 
portion of the esophagus. Anchored to each 



Fig 38-2 An olive-lipped bougie ho» been introduced 
into the stomach. After the gastrostomy stoma has been 
dilated, a small esophagoscope is inserted into the stomach 
and the bougie is picked up. 


below the level of the cricopharyngeal con- 
striction. The radiation is produced by three 
radium-element needles each of 10 mg. 
strength. These needles have a filter of 0.25 
mm. platinum and the total filtration of the 
applicator is equivalent to 0.4 mm. platinum. 
The radiation is 98 per cent gamma and 
2 per cent hard beta rays. It is possible to 
vary the position of the radium needles in the 
container and so concentrate the dose by the 
use of two dummy needles, as shown in 
Figure 38-1 A. 

The stainless steel tube of flat gilly wire 
is flexible enough to allow the tandem readily 
to be drawn through the gastrostomy stoma 
and past the angle at the junction of stomach 
and esophagus. Its flexibility also facilitates 


of these end-pieces is a short, nickel silver 
wire with a terminal loop to which is 
attached the strong twine used in manipulat- 
ing the tandem. A section of ordinary black 
rubber tubing 8 mm. in its outside diameter 
covers the flexible metal portions of the 
tandem. 

The tandem is placed accurately m the 
esophagus at the level of the cancer by com- 
bined retrograde gastroscopy and esopha- 
goscopy. If the cancer will permit the passage 
of a small (7 mm.) olive-tipped bougie, this 
is done under direct vision; otherwise, the 
patient is given a black s/Jk thread to swallow 
at the rate of a foot per hour for 24 hours. 
The gastrostomy stoma is dilated with gradu- 
ated Hegar cervix dilators and a small (9 
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cision were found to be nonresectable. In two 
patients widespread infiltration and fixation 
were present, and in the other two patients 
extensive metastases to cervical lymph nodes 
were noted. After surgical exposure three of 
these patients had gold-filtered radon seeds 
inserted into and round about their cancers. 
This group offers the greatest opportunity to 
treat the cancer with adequate, concentrated, 
and localized dose of interstitial irradiation. 
The radiation sources can be placed into the 
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ing the tissues traversed by the direct roent- 
gen-ray beam. 

Other Forms of Therapy 

The newer forms of radiation therapy in- 
clude rotation therapy, telecobalt therapy, and 
betatron methods. 

END RESULTS 

During the years 1926-1957, 1,484 patients 
bearing cancer of the esophagus have been 



Fig. 38-6, The total number of patients with cancer of the esophagus, the distribu- 
tion of the cancers, and the number treated with radiation therapy Memorial Hospital, 
1926-1957 (see text). 


tumor itself without going through an in- 
fected, ulcerated surface, as is necessary if 
the seeds are to be inserted through the 

esophagoscope. 

External X-ray Therapy 

Each patient was examined fluoroscopically 
in the position held during treatment and 
portals outlined under direct vision. Esopha- 
geal cancers have been treated through four 
portals, two anteriorly and two posteriorly, 
each measuring 7 x 14 cm. A final check 
is made by exposing a roentgen film to the 
beam from the 1,000 kv machine with the 
patient in position for treatment, thus outhn- 


seen at Memorial Center; 165 cancers (11 per 
cent) were in the cervical esophagus, 201 (14 
per cent) in the upper thoracic esophagus, 
723 (49 per cent) m the midthoradc esopha- 
gus, and 373 (25 per cent) in the distal 
thoracic esophagus There were 22 cases m 
which the level of the cancer was unknown 
(Figure 38-6). 

Of the total number, 160 were not proved 
by biopsy or esophageal washings; thus, there 
were 1,324 proved cases of cancer of the 
esophagus. One hundred and four patients 
were lost to follow-up while still alive; there- 
fore, there are 1,220 determinate cases in 
which to study survival. 
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Fig. 38-4. The method of inserting gold-filtered radon seeds 
into cancer of the cardiac portion of the esophogus and stomach 
by meant of a small etophagotcope inserted through the gas- 
trostomy stoma. 


suitable radioactive isotope for the inter- 
luminal treatment of esophageal cancer. 

Interstitial Radium Therapy 

If an esophageal cancer is to be treated 
by the insertion of radon seeds, it has been 
found a simple task with the aid of the 
esophagoscope to insert the radon seeds ac- 
curately into the upper two thirds of the 
tumor, but to plant radon seeds satisfactorily 
in the distal third of the cancer it is neces- 
sary to visualize that portion of the tumor 
by retrograde esophagoscopy through the 
gastrostomy stoma (Figures 38-4 and 38-5). 
Gold-filtered radon seeds, ranging in strength 
between 1.25 and 1.5 me. each, have been 
found satisfactory.* 

* Editorial Notk : Radioactive Isotopes, such 
as those of gold, Iridium, chromium, and others, 
may be used instead of gold-filtered radon seeds 


Combined Gastrostomy, Roentgen 
Therapy, and Radium Therapy 

Patients with complete esophageal obstruc- 
tion were treated by gastrostomy to prevent 
death by starvation. Owing to the combina- 
tion of gastrostomy and roentgen treatments, 
the lumen of the esophagus became patent and 
a radium element tandem was inserted with- 
out undue trauma. 

Surgical Exposure and Interstitial 
Irradiation of Cancer of the 
Cervical Esophagus 

In this group are a small number of can- 
cers that occurred in that portion of the 
esophagus from the piriform sinuses to the 
level of the thoracic inlet. These patients 
theoretically have operable cancers, but four 
such cancers exposed through a cervical in- 



Fig. 38-5. Implanting gold-filtered radon seeds into an esophageal 
cancer. Two esaphagoscopes are used In order to visualise both 
proximal and distal margins of the cancer. 
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hrs. measured in air and lived 15 months after 
therapy. The range of dose for all patients was 

14.000 to 208,000 me, hrs., with a median of 

1 13.000 me. hrs. The applicator was a 4-Gm. 
radium element pack usually applied at a 
radium-skin distance of 20 cm. There were 9 
patients in whom some other form of irradia- 
tion was used in combination with the radium 
pack, with little change in effect as the average 
survival for the latter group was 4.9 months. 

RADIUM TANDEM 

Thirty-one patients were treated with a 
radium applicator introduced into the csopha- 
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ROENTGEN THERAPY WITH LESS 
THAN 198 KV 

This is a heterogeneous group in which 
there was a variation of treatment from 90 to 
195 kv. During the years 1926 and 1927 a 90 
kv roentgen machine was used. The inter- 
mediate kilovoHage was used from 1928 until 
1930 when use of 198 kv apparatus was 
started. There were 47 patients in this group, 
with an average survival of 4.4 months. The 
dosages are unknown, as only the number of 
treatments was recorded during the early pe- 
riod; these varied from I to 14 treatments, and 
the patient with the longest survival (14 



gus, 10 of whom were treated by this method 
exclusively. For these 10 patients the average 
survival was 4 months, die longest survival 
being 10 months. Dosage ranged from 1,200 
to 4,500 me. hrs., with a median of 2,850 me. 
hrs. The other 21 patients were treated with 
iome other form of radiation in combination 
U with 1,000 kv; 5 with 250 kv; 13 with 198- 
200 kv; 1 with radium element pack; 1 with 
90 kv). in this group treated by combined 
therapy, the longest survival was 23 months 
and the average was 6.2 months. This indicates 
that the added therapy improved the survival 
when compared to the use of the radium 
tandem as the only form of radiation therapy. 


months) received the most treatments (14). 
Seven patients were treated with either radium 
tandem or radium element pack in combina- 
tion with the roentgen therapy, with an aver- 
age survival of 5 months. Five patients treated 
with radium element pack in addition to the 
x-ray survived an average of 6.4 months. 

ROENTGEN THERAPY WITH 198-200 KV 
The number of patients treated by this 
method totaled 194, with an average survival 
of 7.7 months. There were 2 long survivors 
in this group. One, with a Grade II squamous 
carcinoma of the cervical esophagus, received 
an air dose of 2,500 r and survived 10 years 
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TABLE 38-1.— Number of Cases of Cancer of the Esophagus (727) Treated by 
Radiation Therapy Alone (1926-1957) 



Cervical 

Upper 

third 

Middle 

third 

Distal 

third 

Unknown 

location 

Total 

Betatron therapy 

2 

0 

0 

0 



Cobalt teletherapy 

3 

7 

18 

4 

0 


1,000 kv roentgen therapy 

13 

41 

126 

41 

2 

223 

250 kv rotation therapy 

0 

10 

40 

6 

0 

56 

250 kv roentgen therapy 

35 

17 

51 

22 

0 

125 

198-200 kv roentgen therapy 

24 

15 

88 

67 

0 

194 

Less than 198 kv roentgen therapy 

0 

7 

24 

15 

1 

47 

Radium pack teletherapy 

7 

8 

9 

9 

0 

33 

Intraesophageal radium tandem 

0 

1 

5 

4 

0 

10 

Interstitial radon seeds 

0 

0 

2 

3 

0 

5 

Total 

84 

106 

363 

171 

3 

727 


One hundred and thirty-two patients were 
treated by surgical methods exclusively and 
245 received no treatment, leaving 843 pa- 
tients who received radiation therapy. Of 
these, 61 were irradiated elsewhere. Fifty-five 
patients were treated by combined resection 
and irradiation; the remaining 727 were 
treated by radiation therapy alone (Table 
38-1). 

RADON SEED IMPLANTATION 
There were five patients in whom the intra- 
esophageal insertion of radon seeds into the 
tumor was the only form of therapy. The aver- 
age survival was 9.2 months (Table 38-2). 
The dosage of seed implantation varied from 
1,330 to 2,931 me. hrs , with a median of 
2,130 me. hrs. In addition, there were 29 pa- 
tients in whom the intraesophageal tumor im- 
plantation was accompanied by 198-200 kv 


external x-irradiation. In these cases, the range 
of dose was 346 to 8,903 me. hrs., with a 
median of 4,625 me. hrs. The average survival 
following the radon seed implantation was 6 
months, whereas the average survival follow- 
ing the x-ray therapy given in combination 
was 11 months. Interstitial irradiation was 
first used in 1934 but has been used only on 
rare occasions since 1940. It was abandoned 
because of the high incidence of esophageal 
perforation. 

RADIUM ELEMENT TELETHERAPY 
This form of therapy was used between 
1926 and 1940, with a total of 33 patients 
being treated. The average survival was 4.7 
months (Figure 38-8). The patient who sur- 
vived longest was one with a Grade II 
squamous carcinoma of the midthoracic 
esophagus who received a dose of 80,000 me. 


TABLE 38-2 — Average Survival in Months of Patients With Cancer of the 
Esophagus Treated by Radiation Therapy (1926-1957) 



Cervical 

Upper 

third 

Middle 

third 

Distal 

third 

Unknown 

location 

Total 

Betatron therapy 

8.5 



_ 

— 

— 

8.5 

Cobalt teletherapy 

10.3 

6.8 

5.0 

35 

— 


1,000 kv roentgen therapy 

10 2 

6.4 

63 

60 

4.0 


250 kv rotation therapy 

— 

4.8 

2.1 

56 

— 

4.7 

250 kv roentgen therapy 

8.4 

4.8 

4 8 

9.7 

— 

6.4 

Less than 198 kv roentgen therapy 

169 

5.1 

6 1 

7.2 

— 


Radium pack telelherapy 

— 

2.9 

3.9 

5.7 



Intraesophageal radium tandem 

46 

4.1 

50 

5.0 

— 


IntersUUal radon seeds 

— 


4.8 


— 


Total 

10.9 

53 

5.5 

68 

47 

6.4 
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average survival of 6.4 months. Included was 
a patient with a Grade I squamous carcinoma 
of the cervical esophagus who survived 5 years 
and 8 months after irradiation (7,350 r air 
dose). The air dose varied from 300 to 32,400 
r, with a median of 16,350 r. The radiation 
factors consisted of 30 ma., 1.5 mm. Cu fil- 
tration, 2 mm. h.v.l., T.-S.D., 50-70 cm. The 
tumor dose was calculated in only 16 cases 
and in these the range of dosage was 720 to 
5,980 r, with a median of 3,350 r. In this 
group there were 5 patients who received 
supplemental radiation with another modality: 

1 of these also received intraesophageal in- 
terstitial irradiation and survived 3 months; 4 
were treated with a radium tandem in addi- 
tion, but the average survival (6.8 months) 
was not much different from that of patients 
receiving 250 kv therapy alone. 

250 KV ROENTGEN ROTATION THERAPY 
Fifty-six patients were treated by 250 kv 
roentgen rotation therapy, with an average sur- 
vival of 4.7 months The range of dosage 
(tumor dose) was from 634 to 14,456 r, with 
a median tumor dose of 7,545 r. The longest 
survival was 14 months. One patient is 
still ahve over 5 years, she is an eighty-year- 
old female (seventy-five years when treatment 
was given) with a Grade II squamous carcin- 
oma of the distal esophagus who received a 
tumor dose of 7,000 r by rotation therapy, 
but in addition had a radium applicator in- 
serted into the esophagus on three occasions 
with a total of 901 me. hrs. 

1,000 KV ROENTGEN THERAPY 
In this group there were 223 patients, with 
an average survival of 6.5 months. The range 
of dosage varied from 300 to 22,700 r in air, 
with a varying tumor dose of 1,629 to 9,507 
r. The median air dose was 1 1 ,500 r and the 
median tumor dose 5,568 r. One patient in 
this group survived slightly less than 7 years. 
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He had a Grade III squamous carcinoma of 
the midthoracic esophagus and received an air 
dose of 1 1 ,200 r. (See also Chap. 40.) 

TELECOBALT THERAPY 

Thirty-two patients comprised this group. 
The largest number of cancers (18) were m 
the midthoracic esophagus. The average sur- 
vival was 5.7 months. Eight patients were 
treated with tclccobalt in combination with 
some other form of therapy, the average sur- 
vival being 6 months. For the 24 patients 
treated by tclccobalt alone, the survival aver- 
aged 5.7 months, the same as for the entire 
group. Thus, statistically there was little dif- 
ference in survival whether they were treated 
with tclccobalt alone or in combination with 
some other form of irradiation. The dosage 
range (tumor dose) was 1,400 r to 7,200 r, 
with a median tumor dose of 4,300 r. The 
longest survival was a seventy-year-old white 
female with a Grade III squamous carcinoma 
of the cervical esophagus who received a 
tumor dose of 5,000 r and lived 32 months. 

BETATRON THERAPY (22 MEV) 

There have been only three patients treated 
by this method — not significant for statistical 
analysis. All had cancer of the cervical esoph- 
agus. One patient, who was also treated with 
an intraesophageal mdium nylon thread, is 
still alive. One of the other patients was also 
treated by telecobalt therapy elsewhere 
(4,500 r) and survived one year. The average 
survival of the two patients who have expired 
was 8 5 months. 

TOTAL RADIATION EXPERIENCE 

The over-all average survival for the 727 
patients who received radiation therapy alone 
is 6.4 months. From 1926 to 1953, there were 
672 patients treated by irradiation, with 7 
survivals of 5 years or more — a 5-year sur- 
vival rate of 1 per cent (Figure 38-8). 
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and 8 months. The other, with the same type 
of cancer, received an air dose of 6,300 r and 
survived 11 years and 8 months. Both were 
treated with a 200 kv x-ray machine, the fac- 
tors being 30 ma., 70 cm. T.-S.D., 0.5 mm. Cu 
filtration. The dosage in these 194 cases 
ranged from 400 to 24,000 r in air, with a 
median of 12,200 r. 


Tumors of the Esophagus 
with a radium tandem in addition to the x-ray 
survived an average of 7.3 months. There was 
1 patient who received radium element pack 
therapy and 1 treated with a radium tandem 
and intraesophageal radon seeds with the x-ray 
therapy; each survived only 4 months. 

Of the remaining 155 patients who received 
this type of x-ray therapy exclusively, the 



Fig. 38-8. Average survival in months of patients with esophageal cancer treated with 
radiation therapy (1926-1957), comparing the survival in relation to the technic of irradiation 


There were 39 patients who received some 
other form of radiation therapy In combina- 
tion with the x-ray; this consisted of either in- 
traesophageal radon seeds, radium tandem, 
or radium element pack. The average survival 
in this subgroup was 9.8 months. Twenty-five 
patients received x-ray and intraesophageal 
radon seeds, with an average survival of 11.5 
months; whereas 12 patients who were treated 


average survival was 7.4 months. There was 
not much difference in the average survival be- 
tween those who received the x-ray treatment 
alone and those who had treatment with a 
radium tandem in addition. 

250 KV ROENTGEN THERAPY 
One hundred and twenty-five patients were 
treated by 250 kv roentgen therapy, with an 
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The wain objective in rotation therapy is to surface intensity at 100 per cent) ; with a gap 

obtain the best ratio between the roentgen of 3 cm., 269 per cent; and with a 4 cm. 

dose in the centra! core and that on the stir- gap, only 229 per cent, other premises un- 

facc. This desideratum will be best favored altered. 

under the following conditions: 3. In rotation therapy the shorter the focal 

1. The diameter of the body should be distance, the greater the divergence of the 

small to favor the depth dose. roentgen beam, and accordingly the greater 



Fig, 39-1. Apparatus for roentgen rotation therapy Fig 39-2. Fluorescent screen with speciat 

arrangements 


2. The incidence field or, more exactly, the the difference in irradiation time between skin 

width should be small, increasing the dif- and center is noted. 

fercnce m radiation time between superficial 4. Roentgen penetration and filtration. The 
lajers and center. The diaphragm, therefore, difference in central intensity is relatively 

should remain as narrow as possible regarding slight with variations in voltage, and with cer- 

the size of the core to be irradiated The sig- tain limits with different filtrations [33]. How- 

nificance of the diaphragm width is apparent ever, when thin or no filters were used, skin 

from the measurements made by Nakaidzumi reactions were severe in patients with esophag- 

and Miyakawa [33] on rotating phantoms cal cancer that required a high central dose. 
With a diaphragm gap of 2 cm , these workers This feature may limit continued treatment, 

obtained a central dose of 334 per cent (the Accordingly, filters of 0.5 mm. Cu + 1 mm. 
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Rotation Roentgen Therapy of Esophageal 
Cancer 
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Inge Gynning 


APPARATUS AND GENERAL 
CONSIDERATIONS 

Roentgen rotation therapy has been de- 
veloped in the past fifteen years and is a 
method for improving the technical efficiency 
in treating deeply situated malignant tumors. 
It is discussed in detail in Volume I, Chapter 
19. A description of the apparatus of the King 
Gustaf V Jubilee Clinic in Lund, Sweden, and 
its use in treating cancer of the esophagus are 
presented here. 

This apparatus is intended for treatment 
with a beam perpendicular to the longitudinal 
axis of the patient. 

The apparatus itself (Figure 39-1) is a 
wooden chair with a vertical back and ad- 
justable head support placed upon a circular 
platform, movable on double ball bearings in 
two directions at right angles to one another. 
This platform is rotated by an electric motor. 
The complete apparatus may be moved on 
rails m the floor for modifying the focal dis- 
tance. The roentgen tank, of Siemens’ model, 
likewise is adjustable in every direction by set 
screws. It is provided with a slit diaphragm 
that may be regulated by Bowden cables 
from the control room and must be supported 
to the wall, floor, and roof to prevent un- 
controlled displacements. 

The adjustment of the width of the roentgen 
beam as well as the object in relation to the 
roentgen center is set from the control room 
by means of a fluorescent screen. The fluores- 
cent image is necessary in controlling the posi- 


tion of the object during the treatments. The 
size of the field is controlled on the screen by 
movable rubber strings marking the limits of 
the field, plus its vertical and horizontal mid- 
line (Figure 39-2). 

Experience has taught the advantage of 
using a fixed focal distance of 53 cm. Dur- 
ing the treatment, the therapy room as well 
as the control room must be dark. An effective 
air conditioning is a matter of importance for 
both rooms. 

The theory of the rotation method and its 
use in practice are based on the fact that the 
core, toward which the roentgen beam is di- 
rected, will be exposed to continuous treat- 
ment, while each point of the skin surface will 
receive irradiation for a fraction of that time 
only. 

DuMesml de Rochemont [24] calculated 
mathematically curves for depth and surface 
at each point of the object hit by the beam. 
Figure 39-3, a schematic figure borrowed 
from his work, demonstrates the geometric 
conditions to be considered in rotation 
therapy. 

As an illustrative example, a curve is re- 
produced in the treatment of esophageal can- 
cer with 180 kv and a depth dose of 30 per 
cent at 10 cm. (Figure 39-4) [24]. Here 
the intensity, being limited on the surface to 
50 per cent, keeps fairly constant in the next 
7 to 8 cm. depth, but then rises suddenly, 
reaching as high as 130 per cent in the rota- 
tion center. 
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fig. 39-5. Intensity curve* offer displocement 2 cm. 
and 5 cm. out of rotation center, (from Nielsen J 

A1 have since been used with gratifying re- 
sults as pertains to skin reaction. 

5. The volume dose will decrease with 
stationary fields as with rotation when the 


603 

incidence field is diminished. With stationary 
fields, the back-scatter will decrease, along 
with percentage depth dose. With rotation 
therapy, the back-scatter is not as important 
for the total dose as is the width of the field. 
By narrowing the field, the volume of irra- 
diated tissue is not reduced, but the volume 
dose is decreased owing to the shortening of 
irradiation time per unit volume. 

Stationary fields with a relatively small tis- 
sue volume, but a high volume dose in super- 
ficial lajers, must involve more risk of super- 
ficial tissue damage than a rotation treatment. 
The incidence field may be wide enough 
to cover the whole tumor plus regional 
metastascs. 

6. The centering of the roentgen beam 
upon the central core must be exact, the 
smallest deviation bringing the most un- 
favorable consequences as to the distribution 
of roentgen intensity in the body. The curves 
in Figure 39-5 [39J show that a displace- 
ment of 2 to 5 cm. from the rotation center 
involves a very undesirable increase in in- 
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DISTANCE FROM POINT OF ROTATION 



DEPTH IN BODY 

Fig. 39-4. Intensity curve in rotation therapy. Radiation: h.v I. 1 mm. Co, 
percental depth dose 30 per cent. Actual surface dose 54 per cent, maximal 
dose in core about 130 per cent. A. Depth of penetration on rotation, B. 
Time exposure in per cent of total time of rotation. C, Percentage of curve 
of intensity of depth P.T.— 30 per cent. D. Back. B. Front. ( Redrawn from 
duMesnil de Rochemont.) 
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Fig. 39-9. Thorax phantom, level of cardia. 170 kv, 7 ma,, V'l Cu + 1 Al, 
focus, rotation center = 70 cm ; focut, *km max. = 57 cm.; focus, skin min. 
= 55 cm Field in rotation center. Curve I, 9 X 12 cm; Curve it, 5 X 7 cm. 


The purely mathematical determination 
used by duMesm) de Rochemont 124] is very 
schematic, which involves risks in applying 
the data to an individual case, for the exact 
place of the core is not always easily ascer- 
tained An approach to clinical reality has 
been attempted by preparing phantoms imita- 
ting anatomic conditions as described by 
Nielsen [39]. These phantoms were designed 
especially for esophageal cancers. The thoracic 
skeleton of an adult man is used, covered 
externally by a layer of beeswax, correspond- 
ing to the form and thickness of the real 


integuments. Within its cavity was attached a 
wax lump imitating the heart. Mediastinum, 
liver, and spleen were modeled in their re- 
spective places. The lung tissue was repre- 
sented by a tightly packed cellular substance 
(“Zcllstoff”), giving the proper contrast in 
screening The existence of the real skeleton 
parts contributes in giving this phantom a rela- 
tively true absorption capacity. 

In each phantom there was attached by wax 
a series of Sievert condenser chambers, placed 
in borings within an oblong paraffin block 
along the sagittal plane. Two positions for 
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Fig- 39-7. The bougie in the esophagus. 

tensity in the surrounding normal tissues, 
whereas the intensity in the core itself will 
fall catastrophically. The deformation of the 
intensity curve increases with the displace- 
ment of the central ray. 

7. The size of the central roentgen dose in 
rotation therapy, being no longer limited by 


Tumors of the Esophagus 
the skin tolerance, must of necessity be used 
with the utmost caution to prevent central 
radiation injuries that might possibly prove 
fatal. The safest method, which has routinely 
been followed in Lund, is to decide on the 
total tumor dose proved eligible by experience 
and gradually to approach it by daily frac- 
tionation. The daily dose or the daily time of 
treatment can be determined mathematically 
or by experimental irradiation of a phantom. 
Experience here has taught that the most exact 
dosage can be obtained only by individual 
measurement of the intensity in the central 
core by means of ionization chambers, if the 
circumstances will permit introduction in the 
right place. For this purpose, special equip- 
ment has been constructed (Figure 39-6). A 
capsule of aluminum mounted on the esophag- 
eal bougie contains two Sievcrt ionization 
chambers. Pieces of lead above and below the 
chambers make the location of these visible 
on the fluorescent screen (Figure 39-7). After 
five or six measurements during the course 
of treatment, it is possible to estimate a rela- 
tively exact dosage with the treatments being 
carried out under similar conditions of focal 
distance, size of the field, etc. Since 1948 
bougies with eight ionization chambers have 
been used, which is suitable for measuring the 
great difference that exists between the maxi- 
mum and the minimum tumor dose. 



Fig. 39-B. Thorax phantom, level of bifurcation, 170 kv, 7 ma , Vi Cu + l Ah 
focus, rotation center = 70 cm ; focui. skin max. = 59 cm.; focus, skin min. 
= 52 cm. Field in rotation center: Curve I, 6.5 X 10 cm j Curve II, 3.3 
X 12 cm- 


Rotation Roentgen Therapy of Esophageal Cancer 

actions in the esophagus and surrounding 
pulmonary tissue occur rarely. 

The radiation effect on the tumor is gen- 
erally noticeable a week after treatment is 
started, as evidenced by diminution of 
dysphagia. At the end of the radiologic treat- 
ment, none or only small remnants of the 
tumor are demonstrable roentgenologically. 
Stricture may appear after healing of the can- 
cer, and in pronounced cases cautious bougin- 
age becomes necessary. 

The patient’s general condition is only 
slightly influenced by rotation therapy, which 
therefore also may be given to very old and 
weak patients. Radiation sickness during the 
treatment occurs only exceptionally. 

Determinations of the size of the field, using 
the roentgenologic findings, must include a 
“tumor free” margin of 2 or 3 cm. outside 
the visible limits of the tumor. Subepithclial 
growth as well as metastascs close to the can- 
cer is not always visible in the x-ray picture. 
The adjustment of the tumor in relation to 
the rotation center is carried out in frontal 
and sagittal direction. The rotation rate is 
chosen so the rotation stops with the chair in 
the same position as at the beginning of the 
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treatment, in order to get the desired com- 
plete revolutions. 

RESULTS 

The primary results in the treatment of 
esophageal carcinoma at Lund follow: From 
October 1943 to October 1949, 119 patients 
(70 men and 49 women) were treated. Ten 
patients died during the course of treatment. 
In 4 cases the treatment had to be discontin- 
ued on account of the debilitated condition 
of the patients. The treatment was completed 
in 105 patients. Distinct improvement was 
noted in 89, but only 64 were recorded as 
completely free of signs; 20 of the remaining 
41 patients had roentgenologic changes in- 
dicative of a persistent tumor. Signs of ulcer- 
ration in the esophagus within the tumor 
region were seen in 23 cases; 3 of these healed 
after gastrostomy, which was later closed. 
The calculated maximum total dose in these 
cases was between 6,250 r and 7,050 r per 
35 days. Possibly the actual dose was higher. 

In three cases no microscopic diagnosis, for 
some reason or another, could be obtained. 
The roentgenologic diagnosis in these cases 
was unmistakable, however. Two patients died 



Fig. 39-12. (left) Esophogram of a 62-year-old female who 
had extensive carcinoma involving the midthoracic esophagus, 
treated with rotation radiotion therapy. (Right) Roentgenogram 
of esophagus three years and four months offer beginning 
of treatment. Tumor dose 6,100 r/36 days. 
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measurement were used along the course of 
the esophagus, namely, at the level of the 
tracheal bifurcation and of the cardia. The 
rotation center was marked by a small lead 
shot. 

Figures 31-8 and 31-9 demonstrate some of 
the curves measured according to these con- 
ditions at a focal distance of 65 and 50 cm. 
from the rotation center: 

a. At the level of bifurcation of the trachea 
(Figure 39-8). 

Curve I. With a field width of 6.5 cm., 
applicable in many cases of esophageal cancer, 
the surface dose is only 35 per cent, the in- 
tensity m the rotation center being 100 per 
cent. 

Curve II. With the extremely narrow field 
of 3.3 cm., the surface intensity decreases to 
22 per cent. With Curve I, the maximum in- 
tensity lies a little in front of the rotation axis 
owing to absorption by the vertebral column, 
which is more conspicuous in the broader 
field. 

b. At the level of the cardia (Figure 39-9). 

The curves here show similar results in the 

percentage surface intensity. Curve I, with a 
field of 9 x 12 cm., corresponds well to prac- 
tical conditions in esophageal cancer at this 
level, where the esophagus has a somewhat 
oblique course and requires a relatively broad 
field. Curve II has been taken as a contrast to 
the former. 

The above curves refer to a focal distance 
of 65 cm., but similar measurements have 
been made using 50 cm. as the distance from 
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focus to rotation center. Such curves, repro- 
duced in Figures 39-10 and 39-11, show the 
advantage in rotation therapy of shortening 
this distance. With a field of 4.75 cm. width, 
the surface dose is reduced to 26 per cent, 
whereas with a 6.6 cm. field it is reduced to 
39 per cent, other conditions being unaltered. 

TREATMENT OF ESOPHAGEAL CANCER 

In the first years, a total tumor dose of 
5,000 r in 20 to 35 days was used. All these 
patients died of local recurrence within one 
year. The total dose has been successively in- 
creased since 1944, all patients receiving more 
than 6,000 r in 30 to 40 days. The influence 
of the time factor has been determined fol- 
lowing calculations of Strandqvist f43J and re- 
ported by Ahlbom [1]. Generally, a maximum 
tumor dose of 6,000 r in 35 days is required 
for clinical improvement lasting more than 
one year. Treatment is given 6 days a week, 
the daily tumor dose being about 200 r. Too 
large a daily dose risks perforation and medi- 
astinitis. (The limit of intolerance of the 
thoracic tissues corresponds to a total dose 
of 7,100 r in 40 days, 6,900 r In 35 days, or 
6,700 r in 30 days.) 

Using a relatively narrow field, the skin re- 
action following such doses is remarkably 
slight, manifested by erythema, pigmentation, 
and scaling. Exudative epidermitis does not 
appear. As mentioned before, the width of 
the field and the thoracic diameter influence 
the intensity of reaction. Pronounced re- 
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actions in the esophagus and surrounding 
pulmonary tissue occur rarely. 

The radiation effect on the tumor is gen- 
erally noticeable a week after treatment is 
started, as evidenced by diminution of 
dysphagia. At the end of the radiologic treat- 
ment, none or only small remnants of the 
tumor are demonstrable roentgenologically. 
Stricture may appear after healing of the can- 
cer, and in pronounced cases cautious bougin- 
age becomes necessary. 

The patient’s general condition is only 
slightly influenced by rotation therapy, which 
therefore also may be given to very old and 
weak patients. Radiation sickness during the 
treatment occurs only exceptionally. 

Determinations of the size of the field, using 
the roentgenologic findings, must include a 
“tumor free” margin of 2 or 3 cm. outside 
the visible limits of the tumor. Subepithelial 
growth as well as metastases close to the can- 
cer is not always visible in the x-ray picture. 
The adjustment of the tumor in relation to 
the rotation center is carried out in frontal 
and sagittal direction. The rotation rate is 
chosen so the rotation stops with the chair in 
the same position as at the beginning of the 
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treatment, in order to get the desired com- 
plete revolutions. 

RESULTS 

The primary results in the treatment of 
esophageal carcinoma at Lund follow: From 
October 1943 to October 1949, 119 patients 
(70 men and 49 women) were treated Ten 
patients died during the course of treatment. 
In 4 cases the treatment had to be discontin- 
ued on account of the debilitated condition 
of the patients. The treatment was completed 
in 105 patients. Distinct improvement was 
noted in 89, but only 64 were recorded as 
completely free of signs; 20 of the remaining 
41 patients had roentgenologic changes in- 
dicative of a persistent tumor. Signs of ulcer- 
ration in the esophagus within the tumor 
region were seen in 23 cases; 3 of these healed 
after gastrostomy, which was later closed. 
The calculated maximum total dose in these 
cases was between 6,250 r and 7,050 r per 
35 days. Possibly the actual dose was higher. 

In three cases no microscopic diagnosis, for 
some reason or another, couid be obtained. 
The roentgenologic diagnosis in these cases 
was unmistakable, however. Two patients died 



fig. 39-12. (left) Eiophogram of a 62-year-old female who 
hod extensive carcinoma involving the midthoracic esophagus, 
treated with rotation radiation therapy. (Right} Roentgenogram 
of esophagus three year* and four month* after beginning 
of treatment. Tumor do»® 6,100 r/36 day*. 


Fig. 39-13. (lift) Esophogram of mole, 79 year* old, with extensive carcinoma of 
the thoracic esophagus. [Right) Roentgenogram of esophagus two years and nine 
months after beginning of treatment. Tumor dose 6,000 r/32 days. 





TABLE 39*1. — Rotation Roentoen Tiilkapy oi Esopjiaoeal C< 
Summary op Definitive Curcs for Three or More Years 
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Ik, i!ed after gaalroatomy. 
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TABLE 39-2. — Rotation Roentgen Therapy of Esophageal Cancer: 
Local Recurrences 


Group 

/ 

<6,000 r 
35 days 

II 

6.000-6,400 r 
35 days 

III 

>6,400 r 

35 days 

Probable local recurrence 

No signs of local recurrence 

13 

22 

32 

Alive and symptom-free 1/10 1952 



2 

6 

Living with metastases 



I 


Died from intercurrent disease 



2 

5 

Died from overdosage complications 



2 

7 

Died from metastases 

1 

6 

6 

Number of cases 

14 

35 

56 


comparatively soon after the completion of 
the treatment. All the other cases were verified 
microscopically. 

In order to evaluate the results in relation* 
ship to the total tumor dose given during a 
certain period, the material is divided into 
three groups on the basis of Strandqvist’s dia- 
gram of fractionation for radiation therapy of 
carcinoma of the skin. Group II represents 
cases corresponding to the mean value of the 
healing dose =*= 200 r, and Groups I and III 
cases in which the dose is lower and higher, 
respectively. It appears from Table 39-2 that 
the number of local recurrences is larger in 
Group I than in Groups II and III. These 


facts support the view that most carcinomas 
of the esophagus require a tumor dose of the 
magnitude mentioned above if healing is to be 
attained. 

The thirteen cases of at least three years' 
cure are of particular interest (Table 39-1). 
The occurrence of strictures may be due to 
the high dosage, though other factors may also 
be important. 

Figures 39-12 through 39-15 show the 
roentgenologic findings in several cases before 
and after the treatment. 

Concerning other methods of roentgeno- 
therapy with a movable beam, the reader is 
referred to Volume I, Chapter 19. 



Fig. 39-15. (left) Esophogram of mote, 68 years old, wi»h carcinoma 
of the thoracic esophagus which had produced obstruction and proxi- 
mal dilatation. (Right) Roentgenogram of esophagus one year and 
eight months after beginning of treatment. Tumor dose 6,500 r/36 
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Prior to 1940, four problems had to be 
dealt with in the irradiation of carcinoma of 
the esophagus: (1) The required tumor 
lethal dose was large, ranging from 5,000 to 
6,000 rads. (2) The large distance that the 
x-ray beam must traverse, from the chest 
wall to the esophagus, attenuated the beam 
so that a relatively small proportion reached 
the tumor. (3) The lung tissue traversed by 
the beam of x-rays was particularly vulner- 
able to serious irradiation injury from doses 
smaller than that necessary to destroy carci- 
noma of the esophagus. (4) The tumor was 
situated in a delicate, hollow viscus which, 
weakened by the initial erosion of the growth 
and the subsequent partial devitalization by ir- 
radiation, was in a poor condition for repair 
of the residual defect after the neoplasm had 
been destroyed. 

Early in the 1940’s several investigators 
[9, 12, 13] improved rotation technics so 
that some of the above-mentioned obstacles 
could be overcome (see Chap. 39). With ro- 
tation technic the irradiation was far more 
efficient, both theoretically and by physical 
measurements, in that a large dose could be 
delivered to the tumor without unduly mjur- 
,n S the intervening lung or skin. 

With the increasing use of supervoltagc (1 
at td 2 million volt) x-ray apparatuses, com- 
mencing about 1943, and of betatrons up to 
mev and cobalt-60 tclctherapy machines 
® different designs, it became a simple matter 
0 deliver large doses of radiation to the 


esophagus while relatively small doses were 
delivered to the adjacent normal tissues. 

PHYSICAL PRINCIPLES OF HIGH- 
ENERGY IRRADIATION 

The goal of efficient irradiation is to deliver 
a high dose to the tumor-bearing region and a 
low dose to adjacent normal tissues. 

The administration of a lethal tumor dose 
through a single treatment field with x-ray 
machines operating in the energy range from 
180 kv to 250 kv is limited by the tolerance 
of the surface of the skin. Consequently, 
multiple cross-firing portals, converging to a 
focal point in the tumor, had to be employed 
to deliver a substantial dose to a region deep 
in the body. 

With the development of 1 to 2 mev x-ray 
machines and cobalt-60 teletherapy machines, 
the maximum surface dose through a single 
field was shifted to a depth of 3 to 4 mm. 
below the surface, thereby sparing the skin. 
Consequently, the early skin reactions were 
mild. The greater penetrability of the rays 
permitted large doses to be delivered through 
each skin portal without obvious initial dam- 
age. 

It later became apparent that, when large 
skin doses (higher than 4,000 or 5,000 rads) 
were delivered through a single portal, the 
surface reactions several years after irradiation 
were severe. Dense subcutaneous fibrosis led 
to pigment changes, contracture, fixation, and 
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TUMOR 
DOSE (r) 



Fig. 40-1. Scatter diagram showing the relationship of tumor dose and treatment time to the results and compli- 
cations in 2 96 cases of carcinoma of the esophagus treated by 190 lev radiofion. The diagonal lines, A and B, repre- 
sent tumor doses of 100 r per day and 200 r per day, respectively. The symbols used are- /arge square, apparent 
arrest for 2 years, large dot, apparent arrest for 1 year; l, living 18 months, small dot, dead of cancer; X, complica- 
tion, +, hemorrhage. Note that the five cases arrested for 2 years received a tumor dose of from 5,000 r to 6,000 r. 
These results are typical of the best that could be achieved with orthovoltage technics. Note also that within this same 
tumor lethal dose range the highest number of complications occurred. { Redrawn from Kohler.) 


even necrosis of the skin and subcutaneous 
tissues. 

Various severe radiation injuries of deep 
structures were also encountered in the thorax, 
such as severe radiation pneumonitis, damage 
to the spinal cord, and dense mediastinal 
fibrosis that seriously restricted motion and 
function of the heart, great vessels, and 
brouchi. 

Table 40-1 illustrates the radiation tolerance 
of various organs, based on experience with 1 
million volt x-rays employed in the treatment 


TABLE 40-1. — Tolerance Doses of Radiation 
for Various Normal Organs 


Organ 

Dose (delivered in SO days), 
rads 

Stomach 

4,000 

Transverse colon 

4,500 

Small intestine 

4,500 

Spinal cord 

5,000 

Kidaey 

5,000 


of testicular tumors through opposing portals. 
The betatron, with energies up to 22 mev. 
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produces rays of such great penetration that 
the maximum surface dose is situated 40 mm. 
below the skin surface. At first glance it ap- 
pears that the undesirable intense irradiation 
of the subcutaneous tissues has been over- 
come However, the magnitude of the exit 
dose produced by the beam of betatron x-rays 
emerging through the opposite side of the body 
ts often increased to a point where there is 
considerable unwanted radiation in the tissues 
on the far side of the tumor (Figure 40-2). 
In carcinoma of the esophagus, this disad- 
vantage is of no practical importance. In the 
head and neck, where the cross-section area is 
small, a very large dose is delivered to the 
subcutaneous tissues at the exit side of the 
beam, producing similar complications to those 
encountered with the incident beam from I to 
2 mev x-ra)s (see Vol. I, Chap. 20). 


Because of the high morbidity when at- 
tempting to deliver large doses to a deeply 
situated tumor through a single portal or two 
opposing portals, these portal arrangements 
should be abandoned except for a few special 
situations. 

In order to avoid severe injuries to normal 
thoracic structures, treatment planning entails 
either multiple portals or the logical out- 
growth of the multiple portal technic, namely, 
supervoltage rotation irradiation. 

The use of rotation technics with super- 
voltage x-ray apparatuses has produced pat- 
terns of dose distributions throughout the 
body that are theoretically and practically 
superior to patterns obtained with 180 kv to 
250 kv radiation, i e., a high homogeneous 
dose throughout the tumor-bearing region and 
a low dose in the normal tissues [4, 7J. 
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In order to obtain efficiency in the applica- 
tion of these high energy rays, there must be 
two additional factors: (1) an adequate dis- 
tance between the source of radiation and the 
skin (more than 85 cm.) in order that the 
inverse square law operate effectively, and (2) 
an adequate coliimation (beam-shaping) de- 
vice to minimize side scatter of soft secondary 
radiation outside the geometric confines of the 
beam. Unfortunately, the beam of radiation 
that emerges from the relatively large focal 
spot of most cobalt-60 tclethcrapy machines 
is poorly defined and a large penumbra of un- 
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fig. 40-3. Dose distribution In rotation therapy for 
carcinoma of the esophagus using 2 mev x-ray] with a 
field sue of 6 X 15 cm. The distance between the 90 
per cent and 50 per cent isodose lines is only 1 8 cm. 
with this field size. This rapid fall-off in dosage from 
tho tumor zone to the normal tissue zone is due to the 
long target-axis distance and to goad coliimation of 
the x-ray beam. 

desirable radiation spills over into the adjacent 
normal tissues. This phenomenon is less 
marked with the smaller focal spot of super- 
voltage x-ray machines. 

Large cobalt bombs, with sources of 3,000 
curies or more, used at a source-to-skin dis- 
tance of 85 cm. or more and with efficient 
coliimation, provide a type of supervoltagc 
therapy comparable to that of x-ray machines 
operating at a peak voltage of 2 mev to 3 mev. 

Small cobalt bombs of 1,000 curies or less, 
operating at distances of less than 50 cm. and 
with poor coliimation, do not provide any of 
the advantages of supervoltage radiation with 
the possible exception of some skin-sparing 
effect. 


Tumors of the Esophagus 
Figure 40-3 demonstrates typical relational 
isodosc curves for a well-collimated 2 mev 
x-ray machine. Note the high index of 
efficiency of the radiation technic in that there 
is a rapid fall-oIT in the intensity of radiation 
from Ihe 90 per cent lo Ihe 50 per cent iso- 
dosc line. The former line is used to represent 
the limits of the high dosage volume and the 
latter, the beginning of the low dosage region 
in normal tissues. 

In the treatment of carcinoma of the eso- 
phagus with a 6 cm. diameter field, the dis- 
tance between the 90 per cent and 50 per cent 
isodose lines is only 1.8 cm. when treatment is 
carried out with a 2 mev x-ray machine; while 
with a poorly collimated cobalt bomb this 
distance is over 3 cm. For example: with a 
2 mev x-ray machine when the tumor dose to 
the esophagus is 5,000 rads, the spinal cord 
would receive a dose of only 1,950 rads, while 
with the cobalt source, the dose to the spinal 
cord would be approximately 2,800 rads. 

In ellect, a poorly collimated cobalt bomb 
operated at a short sourcc-to-skin distance of- 
fers little advantage in rotation therapy over 
a 250 kv x-ray machine from the standpoint 
of effect on the tumor. 

TECHNIC OF SUPERVOLTAGE 
ROTATION IRRADIATION 

TOPOGRAPHIC PROJECTION OF ANATOMIC 
LOCATION OF THE TUMOR ONTO 
THE SKIN OF THE CHEST WALL 
The diagnostic radiographs are reviewed in 
order to approximate the location of the 
tumor. A note is made of any displacement or 
atypical position of the esophagus. These 
radiographs are of little value for accurate 
beam-aiming purposes as their exclusive em- 
ployment leads to errors in aiming the beam 
of radiation, sometimes completely missing 
the tumor. They have usually been made with 
the patient in a position different from that 
during treatment. 

The patient is taken to the fluoroscopic 
room and seated m the proposed treatment 
position. With the aid of contrast medium, 
the patient is positioned so that the long axis 
of the tumor occupies a vertical plane. The 
superior and inferior margins of the tumor are 
now marked in ink on the anterior chest. The 
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patient is reversed and similar marks are 
placed posteriorly. The lights are then turned 
on in the fluoroscopic room and a permanent 
mark is placed on the skin anteriorly and 
posteriorly to identify the middle of the tumor. 
Two large metal rings, one of 6 cm. and the 
other of 8 cm. diameter, arc fastened front 
and back with the lower edges of the rings 
touching the permanent reference marks. 
These rings have two purposes. The smaller 
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designate the transverse axis of the chest. 
Radiographs are now taken in anteroposterior 
and lateral projections. The patient must still 
be maintained in the proposed treatment 
posture. In the anteroposterior view, the front 
or back ring can be identified by the variation 
in size, should it be necessary to adjust its 
position. With the reference marks and rings 
undisturbed, the patient is now returned to 
the supervoltage room for a port film. 



ring is anterior, the larger ring posterior, for 
proper identification of the two reference 
marks in the anteroposterior projection. They 
also serve as a basis for determining the dis- 
tortion factor for the individual x-ray films 
Occasionally, for anatomic reasons, the rings 
are positioned so that the reference mark is 
at the center instead of the edge of the ring 
The patient is refluoroscoped in the lateral 
position to check the horizontal alignment of 
the rings with the center of the tumor and to 
see that this line is perpendicular to the axis 
of the proposed cylinder of rotation. At the 
same time, other marks are placed on the 
s m over both sides of the lateral chest to 


PORT FILMS 

The 2 mev resonant transformer generator 
has a well-collimated beam and a relatively 
small focal spot (1.3 cm. diameter) so as to 
yield satisfactory radiographs. Of the lateral 
position, a double exposure portal film is 
taken. For the first exposure, the beam is the 
size of the treatment portal at the axis of rota- 
tion. For the second exposure, the shutters 
are opened to maximum portal size. If the 
esophagus is displaced sideways from normal 
position, an additional anteroposterior port 
film is made. The films are immediately de- 
veloped and studied for accuracy of beam 
alignment (Figure 40-4). These port films 
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constitute the most important step in accurate 
beam alignment. 

CONTOUR AND DOSE CALCULATION 
A contour of the patient is now made with 
a contourmetcr. The tumor-air ratio and 
dosage arc calculated according to the method 
previously described [4]. The patient is seated 
on the rotation platform and fastened in 
position. 


Tumors of the Esophagus 
were treated with 2 mev x-rays, rotation tech- 
nic, at the Hospital for Joint Diseases {New 
York). There were thirty-three men and seven 
women, with ages ranging from forty-three to 
seventy-six years, the average age being sixty 
years. The duration of cancer, from the onset 
of symptoms to the first x-ray treatment, 
ranged from two weeks to twenty-eight 
months, with an average elapsed time of 4.7 
months. 



Fig. 40-5 An exleniive carcinoma of tho esophagus with a palpable tupraclavicular node, (left) Radiograph 
taken before treatment. (Right) Radiograph taken immediately following a tumor dose of 9,000 rads in 39 day! 
using 2 mev rotation therapy. The supraclavicular node was incorporated in the cylinder of intense irradiation, 
which measured 8 cm diameter and 17 cm. long One year later there was only slight evidence of radiation 
fibrosis of normal lung tissue. 


The cumbersome back pointer is not em- 
ployed. At each setup ihe Dresner front 
pointer is aligned with each of the four marks 
on the skin, which are supposed to be 90 de- 
grees apart. This takes from one to two 
minutes. The size of the treatment portal is 
determined at the axis of rotation and ranges 
from 4 to 8 cm. in width and from 7 to 23 
cm. in length. The patient is now ready for 

treatment. 

CLINICAL MATERIAL 

From January 1, 1952, to January I, 1957, 
forty patients with carcinoma of the esophagus 


Thirty-five of the lesions were vertified his- 
tologically. In the remaining five patients, 
biopsy could not be obtained owing to tech- 
nical difficulties or to the extreme weakness 
of the patient. 

No patient was refused treatment, and in 
spite of the debilitated condition of many of 
the patients on admission, the majority with- 
stood the treatment program well. Only three 
patients were unable to tolerate a tumor dose 
of 5,000 r or more. Of the forty patients, six- 
teen had distant metastases to the supraclavic- 
ular or abdominal nodes, and two had dem- 
onstrable tracheobronchial invasions. Four 
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patients who were explored surgically had ad- 
vanced local cancer with regional mclastascs, 
and biopsy only was performed. Two patients 
had had previous resection for carcinoma of 
the lower third of the esophagus, five years 
and one year, respectively, prior to referral for 
irradiation for recurrences. To summarize: 
these patients had advanced cancer of the 
esophagus, often prctcrminal. 

The distribution of the neoplasms was as 
follows: upper third, eleven; middle third, 
twenty-two; lower third, seven. Tumors arising 
m the cardia of the stomach and those in the 
epicsophagcal group [10] were excluded. 

The length of the cancers, measured radio- 
graphically, ranged from 4 to 20 cm., with an 
average length of 7.8 cm. 

TUMOR DOSE 

The tumor doses ranged from 3,000 rads in 
18 days to 9,800 rads in 58 days. The average 
tumor dose was 7,000 rads in 40 days. The 
modal dose was approximately 8,000 rads in 
42 days. The comparatively high dosage level 
was selected because post-mortem examina- 
tions had shown persistent carcinoma follow- 
ing irradiation with doses up to 6,000 rads. 


RESULTS 

The early symptomatic improvement fol- 
lowing treatment was encouraging. Relief of 
dysphagia and pain was almost universal, and 
47 per cent of the patients were restored to an 
unrestricted diet. The number of patients with 
radiographic evidence of moderate or marked 
tumor shrinkage was large. There was com- 
plete radiographic disappearance of the neo- 
plasm in 32 per cent of the patients (Figure 
40-5). Tables 40-2 and 40-3 show the imme- 
diate response of the tumor in terms of the 
patient’s eating ability and radiographic ap- 
pearance of the esophagus in the first or 
second months following treatment. A com- 
parison is made with similar responses in 
Krebs' series [9]. 

Of the 40 patients treated, 29 died in periods 
of from 2 to 21 months; 7 are living from 2 
to 9.5 months; and 3 were lost to follow-up 
after 3.5, 9, and 12 months, respectively. The 
average length of survival for all patients in 
this senes was 6 3 months. The longest sur- 
vival time to date was 21 months and the 
shortest 2 months (Figure 40-6). 

The effect of the administered tumor dose 
on the survival pattern is illustrated in Figure 


TABLE 40-2. — Eating Ability at the End of Treatment 



Authors’ Series 

Krebs [9] 

Diet 

Number of 
patients 

Per cent 

Number of 
patients Per cent 

Unrestricted 

19 

47 

77 

35 

Unrestricted except 
for chopped meats 

8 

20 

26 

12 

Pureed food 

8 

20 

50 

23 

Liquids 

4 

10 

60 

28 

Complete obstruction 

1 

3 

4 

2 


TABLE 40-3.- 

—Immediate Radiographic Results at 
the End of Treatment 


Author f Series 

Krebs [9] 


Number of 


Number of 

Response of tumor 

patients 

Per cent 

patients Per cent 

Total disappearance 

13 

32 

42 20 

Improved 

17 

43 

96 44 

Unchanged 


5 

28 13 

Worse 

I 

3 

6 3 

No examination 

7 

17 

42 20 
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constitute the most important step in accurate 
beam alignment. 

CONTOUR AND DOSE CALCULATION 
A contour of the patient is now made with 
a contourmctcr. The tumor-air ratio and 
dosage arc calculated according to the method 
previously described [4]. The patient is seated 
on the rotation platform and fastened in 
position. 


Tumors of the Esophagus 
were treated with 2 mev x-rays, rotation tech- 
nic, at the Hospital for Joint Diseases (New 
York). There were thirty-three men and seven 
women, with ages ranging from forty-three to 
seventy-six years, the average age being sixty 
years. The duration of cancer, from the onset 
of symptoms to the first x-ray treatment, 
ranged from two weeks to twenty-eight 
months, with an average elapsed time of 4.7 
months. 



Fig. 40-5 An exlensiva carcinoma of the eiophagu* with a palpable luproclavicular nods, (l»fl) Radiograph 
taken before treatment. (Right) Radiograph taken immediately following a tumor dote of 9,000 rads in 39 days 
using 2 mev rotation theropy. The supraclavicular node was incorporated in the cylinder of intense irradiation, 
which measured 8 cm diameter and 17 cm. tong One year later there was only slight evidence of radiation 
fibrosis of normal lung tissue. 


The cumbersome back pointer is not em- 
ployed. At each setup the Dresner front 
pointer is aligned with each of the four marks 
on the skin, which are supposed to be 90 de- 
grees apart. This takes from one to two 
minutes. The size of the treatment portal is 
determined at the axis of rotation and ranges 
from 4 to 8 cm. in width and from 7 to 23 
cm. in length. The patient is now ready for 
treatment. 

CLINICAL MATERIAL 

From January 1, 1952, to January 1, 1957, 
forty patients with carcinoma of the esophagus 


Thirty-five of the lesions were vertified his- 
tologically. In the remaining five patients, 
biopsy could not be obtained owing to tech- 
nical difficulties or to the extreme weakness 
of the patient. 

No patient was refused treatment, and in 
spite of the debilitated condition of many of 
the patients on admission, the majority with- 
stood the treatment program well. Only three 
patients were unable to tolerate a tumor dose 
of 5,000 r or more. Of the forty patients, six- 
teen had distant metastases to the supraclavic- 
ular or abdominal nodes, and two had dem- 
onstrable tracheobronchial invasions. Four 
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patients who were explored surgically had ad- 
vanced local cancer with regional mctastascs, 
and biopsy only was performed. Two patients 
had had previous resection for carcinoma of 
the lower third of the esophagus, fisc years 
and one year, respectively, prior to referral for 
irradiation for recurrences. To summarize: 
these patients had advanced cancer of the 
esophagus, often prcterminal. 

The distribution of the neoplasms was as 
follows; upper third, eleven; middle third, 
twenty -two; lower third, seven. Tumors arising 
in the cardia of the stomach and those in the 
cpicsophagcal group (10] were excluded. 

The length of the cancers, measured radio- 
graphically, ranged from 4 to 20 cm., with an 
average length of 7.S cm. 

TUMOR DOSE 

The tumor doses ranged from 3,000 rads in 
18 days to 9,800 rads in 58 days. The average 
tumor dose was 7,000 rads in 40 days. The 
modal dose was approximately 8,000 rads in 
42 days. The comparatively high dosage level 
was selected because post-mortem examina- 
pons had shown persistent carcinoma follow- 
ing irradiation with doses up to 6,000 rads. 


RESULTS 

The early symptomatic improvement fol- 
lowing treatment was cncouragtng. Relief of 
dysphagia and pain was almost universal, and 
47 per cent of the patients were restored to an 
unrestricted diet. The number of patients with 
radiographic evidence of moderate or marked 
tumor shrinkage was large. There was com- 
plete radiographic disappearance of the neo- 
plasm in 32 per cent of the patients (Figure 
40-5). Tables 40-2 and 40-3 show the imme- 
diate response of the tumor in terms of the 
patient's eating ability and radiographic ap- 
pearance of the esophagus in the first or 
second months following treatment. A com- 
parison is made with similar responses in 
Krebs’ series 19 J. 

Of the 40 patients treated, 29 died in periods 
of from 2 to 21 months; 7 arc living from 2 
to 9.5 months, and 3 were lost to follow-up 
after 3.5, 9, and 12 months, respectively. The 
average length of survival for all patients in 
this series was 6.3 months. The longest sur- 
vival time to date was 21 months and the 
shortest 2 months (Figure 40-6). 

The effect of the administered tumor dose 
on the survival pattern is illustrated in Figure 


TABLE 40-2. — Eating Ability at tiie End of Treatment 



Author s' Senes 

Krebs [9J 

Diet 

Number of 
patients 

Per cent 

Number of 
patients Per cent 

Unrestricted 

19 

47 

77 

35 

Unrestricted except 
for chopped meats 

8 

20 

26 

12 

Purced food 

8 

20 

50 

23 

Liquids 

4 

to 

60 

28 

Complete obstruction 

t 

3 

4 

2 


TABLE 40-3.- 

— Immediate Radiographic Results at 
the End op Treatment 



Author s' Series 

Krebs [9] 



Number of 


Number of 


Response of tumor 

patients 

Per cent 

patients Per cent 

Total disappearance 

13 

32 

42 


Improved 

17 




Unchanged 


5 



Worse 





No examination 

7 

17 

42 

20 
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40-7. Although the majority of patients sur- 
viving for six months or more received a 
tumor dose in excess of 7,000 rads, the over- 
all survival statistics indicate that utilization 
of doses of this magnitude rather than 5,000 
or 6,000 r offers no definite advantage. Any 


Tumors of the Esophagus 
of treatment to eight months after therapy. 
Perforation of the esophagus into the tracheo- 
bronchial tree or adjacent mediastinal struc- 
tures occurred jn seven (17.5 per cent). All 
these last patients received a dose higher than 
6,000 rads. 


• 


o 

• ALIVE 

o • 

0 DIED OR LOST TRACE 

*3 O OO# O 


oooocooo o • 


000000*0 O OOOOO CO OO 

2 4 6 0 10 

2 3 4 0 
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Fig. 40-6. Results in a series of 40 patients with carcinoma of the 
esophagus treated with 2 mev x-roys of the Hospitol for Joint Diseases 
(New York) from January, 1952, to January, 1957. In spite of super- 
voltage x-rays and an efficient rotation technic, at this time no patient 
survived longer than two years. 

increase that was obtained in the effective de- 
struction of neoplasms was nullified by the 
increase in local radiation damage. 

The incidence of complications following 
therapy in this series bears out this contention 
(Table 40-4) . Over 90 per cent of the patients 
treated had some degree of resultant esophag- 
eal stenosis. This was of a sufficient degree to 
cause recurrent dysphagia in nine (22 per 
cent) of the forty patients. Persistent and re- 
current esophagitis occurred in ten (25 per 
cent) at varying intervals from the last week 


However, residual or recurrent neoplasm 
could be demonstrated by radiographic or 
post-mortem findings in only ten patients (25 
per cent). Progression of the cancer outside 
the treatment field, including local and distant 
metastases, was observed in thirteen patients 
(33 per cent). 

At the present time, the best five-year sur- 
vival rate is that reported by Gynning [5], 
using 180 kv x-rays with rotation. In a series 
of eighty-eight patients treated, five survived 
for five years. 


TABLE 40-4. — Failures and Complications 


Number of 
Patients Per cent 


Persistent local esophageal cancer 

7 

17 5 

Local recurrence (in region of treatment) 

3 

7.5 

Recurrence above or below region of treatment 

2 

50 

Progressive distant metastases 

13 

33 0 

Persistent or recurrent esophagitis 

10 


Esophageal perforation 

Stenosis of sufficient degree to cause 

7 

17.5 

recurrent dysphagia 

9 
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The early figures of several senes treated 
with 2 mev to 23 mev x-rays and with cobalt- 
60 tclcthcrapy showed no obvious increase in 
the over-all survival rates. Ulomficld [21 
treated twenty -eight patients with 2 mev x-rays 
and reported two three-year survivors. Haas 
and Haney [6] treated eighteen patients with 
a 23 mev betatron and had one two-year sur- 


ticnts with this cancer. 

In the treatment of a neoplasm, the lower 
limit of the range of dosage selected is deter- 
mined by the radioscnsitivity of the type of 
tumor. The upper limit is dictated by the 
tolerance of the normal tissues. Seaman and 
Ackerman [1-1], in a study of the effects of 
24 mev x-rays on the normal esophagus during 
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F'9 40-7. Dotes employed in 40 pohenti Iraoltd with 2 me* rotation irradiation The largo 
black dolt represent thote patienti who survived more than ,ix month» following treatment. The 
tmaller black dot» repretent thote alive at the preient time who hod not yet reached the ilx-month 
interval. The while circlet represent patients who either died or were lot! to follow up within the 
Six-month period following treatment. With this sriadiotson technic, larger than uiuqI tumor daces 
could be delivered. However, they did not improve the result! 


vivor to date. Bernard [12] treated forty-six 
patients with a betatron and had six one-year 
survivors. Lott and Smith [11] treated sixty- 
cight patients with cobalt 60, using both mul- 
tiple portal and rotation technics, with tumor 
doses ranging from 5,800 r to 6,800 r in three 
to five weeks. Six patients have survived for 
t fee years or more without apparent local 
recurrence. 

It seems apparent that increasing the energy 
°ki C radl . atl0n 10 itl{ l higher levels will prob- 
a y not significantly increase survival of pa- 


treatment of lung carcinoma, demonstrated 
that the tolerance dose for this organ is in 
the neighborhood of 6,000 rads given at the 
rate of about 1,000 rads per week. It seems 
evident that only a certain percentage of car- 
cinomas in the esophagus can be destroyed 
with 5,000 to 6,000 rads, but to destroy a 
greater percentage of neop’asms by utilizing 
higher doses causes increased radiation injury 
and often fatal complications. The results of 
this series indicate that for the majority of 
patients no real increase in survival can be 
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expected if eradication of the neoplasm neces- 
sitates dosages much in excess of normal tissue 
tolerance. 

For many patients, it seems evident that 
elective gastrostomy prior to irradiation is a 
necessary step to maintain nutrition and de- 
crease the severity of esophagitis during and 


Tumors of the Esophagus 
after the course of treatment. Until the esoph- 
agus has had time to recover from the double 
insult of neoplastic invasion and subsequent 
heavy irradiation, many months may pass and 
it is in this critical period that adequate 
"aftercare” may eventually add to the present 
short list of survivors. 
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Adenomammcclomy, technic of, 61-64 
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in fibrosarcoma of breast, 218 
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m liposarcoma of breast, 223 
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m tumors, benign, of breast, 65, 72, 74, J 
of esophagus, 531 
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Axilla, anatomy of, 94-95, 144-145 
dissection of, 99-105 
See also Lymph nodes, axillary 

Benign tumors, of breast, 12-12, 58-60, 61-64, 
65-81 

See also Mastitis and tumor types 
of bronchus. See Bronchus 
of esophagus, 531-542 
of lung. See Lung 
of trachea, 291-292 
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of chest wall, 517 
of heart, 513 

of internal mammary nodes, 110 
of mediastinal nodes, 403 
of tumors, of breast, 17-18, 57, 59, 66, 181. 
241 

of lung, 302, 31 J, 403, 407 
metastatic, 415, 418, 421-422 

Bone, metastasis to, from cancer, of breast, 161, 
179-180. 181-182, 184. 190, 192, 
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of lung, 253 

Brain, metastasis to, from cancer, of breast, 183 
of lung, 253-254, 468 

Breast, adenofibrosarcoma of, 215-218 
adenoma of, 74-78 

benign tumors of, 11-12, 58-60, 65-81 
classification of, 70 
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treatment of, by adenomammectomy, 61-64 
by local excision, 59-60, 66-70, 73-74 
Babcock method, 69-70, 73 
by mastectomy, simple, 60, 74 
surgical principles of, 66-70 
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Breast, carcinoma of (in female), treatment, 
surgical, by mastectomy ( ContJ .) 
indications for, 34, 40, 46, 82-83, 
168 

and irradiation. 44-45, 119, 155-157, 
157-160, 163-164, 167, 168, 170- 
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lymphatics involved in, 95-99 
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143-153, 162 
mortality of, 34, 36. 37 
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present status of, 31, 34. 49-50 
prevention of shock during, 106-107 
recurrence after. 40-41, lit. 119- 
120, 122-123, 169, 177 
results of, 34-36, 44-15 
technic of. 83-95. 99-107, 123-124 
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section), 40-41. 109-112, 121, 177 
indications for, 117-118 
mortality of, 1 17 
postoperative care after, 117 
results of, 118-121 
technic of, 112-117 
by mastectomy, radical (with dissec- 
tion of supraclavicular, medias- 
tinal, and internal mammary 
nodes), 41, 122-123 
complications of, 131-132 
indications and contraindications, 
129-131 

and irradiation, 170 
mortality of. 131-132 
postoperative care after, 126 
results of, 131-132 
technic of, 123-129 

by mastectomy, simple, 29, 36-37, 46-48 
in bilateral cancer, 37, 46-48 
and postoperative irradiation, 37, 43- 
44, 158-159, 168-169, 171-175 
results of, 36-37 
methods of, 29-30 

carcinoma of (in male), classification of, 237 
diagnosis and differential diagnosis of, 237- 
238 

etiology of, 236 

metastasis from, 237, 238, 239 

Paget’s, 237 

treatment of, hormonal, by castration, 203- 
204, 238-239 

by estrogens, adrenocorticoids, hypophy- 
sectomy, 204 
radiation, 238-239 

surgical, by mastectomy, radical, 239-246 
by mastectomy, simple, 239 
carcinosarcoma of, 217, 227-229 
chloroma of, 227 
cystic disease of, 16, 55, 57-58 
cystosarcoma phylloides of, benign, 12, 78-80 
malignant (adenofibrosarcoma), 215-218, 


Breast (ContJ.) 
examination of. 17, 53-55, 132 
radiologic, 17 
fat necrosis of, 12. 58 
fibroadenoma (adenosis) of, II, 58, 74-78, 218 
in male, 238 
fibrosarcoma of, 218-221 
in male, 229 

hemangioendothelioma, malignant, of, 221- 
223, 230 

hemangioma of. 81 
Hodgkin's disease of. 227, 229 
hormonal factors influencing, 52-53 
hypertrophies of, 59. 60. 64. 65-66 
in male See Gynecomastia 
inflammation of. See Mastitis 
in leukemia, 227 
lipoma of, 81 

liposarcoma of, 223, 224, 229 
lymphatic drainage of, 95-99, 110, 144-145 
in male, 239-241 
lymphosarcoma of. 225-226 
mclanosarcoma of, 230 
myosarcoma of, 223-224 
nipple discharge of. 16-17. 56-57, 72-73, 228 
in male, 235-238 
nonindiecnous tumors of, 81 
nonpathologic alterations of, 53-55 
papilloma, intraductal, of, 12, 56, 70-73 
in male, 237, 238 
treatment of, 70, 73-74 
sarcoma of, 214-229 
arising in nearby structures, 229-230 
in male, 229, 238 

supernumerary (aberrant), tumors of, 14, 53-54 
teratoma of, 228 

Broders classification of breast cancer, 7, 21, 23 
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254-255, 373, 464-468 
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astinum, 478-480 

Bronchoscopic treatment of benign bronchial 
tumors. 306-308, 321-322 
Bronchus, adenoma of, 256-257, 306, 307-310, 
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carcinoid type of, 294, 319 
malignant change in, 257, 318, 322 
treatment of, bronchoscopic, 306-308, 321- 
322 

surgical, 308-310, 322 
anatomy of, 378-379 
arteries and veins of, 365, 378 
benign tumors of, 306 
treatment of, by bronchoscopy, 306-308 
by bronchotomy, 308 
by lobectomy and pneumonectomy, 309- 
310, 371, 379-381 

by resection of bronchial wall with 
tumor, 308-309 

by segmental resection, 381-383 
bronchioma of. See Lung, hamartoma 
carcinoma of. See Lung, carcinoma 
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Esophagus, tumors of ( ContJ .) 

malignant, histologic t> pcs of, 543 
mctastascs from, to lymph nodes, 544-545 
treatment of, end results of, 562-563, 571- 
572, 597-599, 608-612, 617-620 
esophagectomy, 545*559, 574 
choice of cases for, 545 
operatise mortality of, 562 
preoperative and postoperative care, 
559-562 

problems of, 543*545 
technics of, for cancer, of cervical 
segment of esophagus, 559 
of lower esophagus and gastric 
cardia, 545-553 

of midlhoracic esophagus, 553-557 
of superior mediastinal segment of 
esophagus, 557-559 
of upper thoracic esophagus, by 
right thoracoabdominal ap- 
proach, 564-571 

csophagoplasty (thoracic), general con- 
siderations, 574, 579-581, 588-590 
indications for, 574-575 
in operable cancer, 57 5, 579, 590 
isopcristalsis versus antipcristalsis in, 

technics of, 575-590 
colonic, 579, 587-588, 589 
gastric, 576, 581 
ileal, 582 
ileocolic, 582-587 
jejunal, 577-579, 581-582 
ustng inert materials, 590 
using skin tubes, 575 
radiation, 591-620 

high energy (supervoltage x-ray, tele- 
cobalt, betatron), 611-620 
complications of, 611-614, 618, 620 
physical principles of, 611-614 
preliminary gastrostomy and, 620 
results of, 599, 617-620 
technic of (roentgen rotation), 614- 
616 

with interstitial radium, 594-595, 596 
radioisotopic, 593-594, 614, 619 
with radium element tandem, 592- 
594, 597 

with roentgen rays (orthovoltage), 
594, 595, 597-599 
rotation, 600-610 
apparatus and general consider- 
ations, 600-606 
results of, 599, 607-610 
techmc of, 607 

Estrogenic therapy of carcinoma of breast, 195- 
199, 203 
in male, 204 

Fibroadenoma (adenosis) of breast, 11, 58, 74- 
78, 218 
in male, 238 


Fibroma, of heart, 503 
of mediastinum, 483 
of trachea, 292 

Fibrosarcoma, of breast, 218-221, 229 
of chest wall, 265, 516-517 
of lung, 468-469 
of pectoral fascia, 230 
Fistula, arteriovenous, of lung, 381, 471 
bronchopleural, postoperative, 283, 287-288 
cervical, postcsophagoplasty, 590 

Ganglioneuroma of mediastinum, 260, 485 
Gelatinous carcinoma of breast, 12, 237 
Gynecomastia, 231-235 
and cancer, 236 

ctiologic classification of, 232-234 
and fibroadenoma, 238 
treatment of, 235-236 

Hamartoma (bronchioma) of lung, 257-258, 306 
310-313, 371, 381 
chondromatous, 470-471 
vascular (hemangioma), 259, 471 
Heart, angioma of, 506-507 
complications in patients undergoing chest 
surgery, 280, 286 
dermoid and teratoma of, 507-508 
fibroma of, 503 
lipoma of, 505 
myxoma of, 501-503, 504 
differentiation of, from organized thrombus, 
502 

resection (partial) of, in removal of intra- 
thoracic tumors, 513, 514-515 
rhabdomyoma of, 505-506 
sarcoma of, 503-505, 508, 510-511 
thrombi of, 501-503, 509, 510 
tumors of, classification of, 501 
common types of, 501-509 
incidence of, 509 
metastatic, 508, 509 
surgical treatment of, 513 
pericardial. See Pericardium 
polypoid, 501-503, 510, 512 
surgical treatment of, for biopsy, 513 
rationale of, 511-513 
technics of, 513-515 
symptoms and diagnosis of, 509-511 
Hemangioendothelioma, of breast, 221-223, 230 
of chest wall, 519 
of trachea, 291, 295 
Hemangioma, of breast, 81 
of chest wall, 519 
of heart, 506-507 
of lung, 259, 381, 471 
Hodgkin’s disease, of breast, 227, 229 
of mediastinum, 265, 486, 487 
Hormonal factors, in adenoma of breast, 74 
in arteriovenous aneurysm of lung, 259 
m carcinoma of breast, 26-28, 185, 187-188 
191, 193-194 

alteration of, by hormonal therapy, 30. 178- 
203, 205-213 
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Bronchus ( Contd .) 
cylindroma of, 319 
cysts of, 262, 315-316 
treatment of, 316, 381 
mesenchymal tumors of, 310 
mixed tumors of, 319 


Carcinoma, of breast. See Breast, carcinoma 
bronchogenic See Lung, carcinoma 
of esophagus. See Esophagus, tumors of, malig- 
nant 

of mediastinum, 488 
of pericardium, 507-508 
of thymus, 489 

of trachea, 290, 291, 292-293, 299 
Carcinosarcoma, of breast, 217, 227-229 
of esophagus, 543 

Castration for carcinoma of breast, 14, 182-187, 
202-203 


in male, 203-204, 238-239 
Chemotherapy, in carcinoma, of breast, 203 
of lung, 458, 468 

in Hodgkin’s disease of breast, 227 
in leukemia of breast, 227 
in lymphosarcoma, of breast, 225 
of lung, 469-470 
of mediastinum, 486 
in mesothelioma, pleural, 475 
Chest wall, defects (surgical) of, repair of, 113- 
115, 117, 126-129, 412 
costal, 522-528 
sterna), 520-522 
fibrosarcoma of, 516, 517 
hemangioma of, 519 

involvement of in cancer, of breast, 105, 110- 
111, 133, 167, 169, 177, 519, 520 
treatment of, radiation, 167, 171-175, 520 
surgical, 41, 105, 110-111, 112-115, 
126-129, 520 
of kidney, 519-520 
of lung, 253, 333, 340, 410-411 
surgical treatment of, 347-348, 412 
of thyroid, 265, 519 
lipoma of, 519 

multiple myeloma of, 265, 519 
neurilemmoma of, 518 
in pulmonary physiology, 266-267, 516 
sarcoma of, 265, 517 
Ewing’s, 517-518 
tumors of, 265, 516-517 
carUlagmous, 265, 518 
giant-cell, 265, 519 
primary, 517-519 
treatment of, 517-519 
secondary, 265, 340, 519 

treatment of, 105, 112-115, 347-348, 410- 
412, 520 


See also Thoracic and intrathoracic tumors 
Chloroma of breast, 227 
Chondroma, of bronchus, 306 
of chest wall, 265, 518 
of lung, 306, 310, 470-471 
of mediastinum, 483 
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Chondrosarcoma, of chest wall, 265, 518 
of lung, 468 
of mediastinum, 483 
Christian-Wcber syndrome, 231, 238 
Classification, of carcinoma of breast, clinical, 
4-7, 167-169 
histologic, 7-11 
in male, 237 
of gynecomastia, 232 
of mastitis, chronic, 51 
of sarcomas of breast, 215 
of tumors, benign, of breast, 70 
bronchogenic, 306 
of heart, 501 
of lung, 249-259, 310 
of mediastinum, 259, 476 
of thymus, 489-490 
of trachea, 291 

Cylindroma of trachea and bronchus, 290, 291, 
293-294, 298-299, 319 
Cystic disease of breast, 16, 55, 57-58 
Cyslosarcoma phylloides of breast, benign, 12, 
78-80 

malignant, 215-218, 229 
Cysts, of bronchus, 262, 315-316, 381 
of lung, alveolar, 316-317, 381 
of mediastinum, 262-264, 477-481 
of pericardium, 480 

Dermoid, of mediastinum, 260-261, 477 
of pericardium, 507-508 

End results. See Prognosis and end results 
Esophagectomy, by combined right thoracoab- 
dominal approach. 564-573 
partial, with high intrathoracic esophagogastro- 
anastomosis, 553-557 

and partial gastrectomy with low intrathoracic 
esophagogastroanastomosis, 545-553 
subtotal, with intracervical esophagogastro- 
anastomosis, 557-559 

Esophagoplasty, indications for, 574-575, 590 
technics of, 575-590 
Esophagus, adenocanthoma of, 543 
adenocarcinoma of, 543 
carcinoma of. See Tumors of, malignant 
carcinosarcoma of, 543 
cysts of, 480-481 
duplications of, 480-481 
fibromyxoma of, 531, 532, 533 
leiomyoma of, 531-534, 536, 538, 539, 5*0 

541 

leiomyosarcoma of, 537, 543 
lipofibroma of, 531 
lipoma of, 534-535 
lymphoma of, 543 
polyps of, 531 
rhabdomyosarcoma of, 543 
tumors of, benign, 531 

pathology of, 531-534 

surgical treatment and results of, 536- 

542 

symptoms and diagnosis of, 534-536 
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Lung, carcinoma o£ (Contd.) 
radioscnsilivity of, 429*431 
squamous-cell, 252, 330*331, 332, 410, 429, 
430, 431, 443, 448 

treatment of, palliative, 334, 371, 381, 403, 
405, 424-425, 434, 456, 458 
present status of, 334-335 
radiation, 332, 334, 424*434 
endoscopic (radium), 425 
high energy (supers oltagc x-ray, tclc- 
cobalt), 425, 435*448 
results of, 439-446, 446-448 
technic and factors of, 435*439 
indications and contraindications, 424- 
425 

interstitial, 333. 334, 425, 449-458 
and chemotherapy, 458 
complications of, 449-450 
m inoperable cancer, 450, 458 
methods of, 452-455 
radioisotopes for, 450-452 
results of, 455-456 
and surgery, 458 

orlhovoltagc (roentgen), results of, 
431-434, 450 
technics of, 425-428 
tumor dose, 428-429, 433 
radiobiologic considerations, 429-431 
surgical, 325-328, 332-334, 350 
anterior approach for, 350-365 
choice of operation, 401-407, 408-409 
with excision of contiguous structures, 
333, 347-348, 410-412, 513-514 
and irradiation, 335, 446, 447-448, 449, 
450, 458 

by lobectomy, radical, 333, 334, 385- 
391 

indications for, 371, 401-407, 408- 
409 

results of, 407-408 
technics of, 391-400 
by lobectomy, simple, 333, 334, 340, 
350, 371, 402, 422 
results of, 383-384 
technics of, 379-383 
operative mortality of, 327-328, 334, 
335, 383, 385, 407, 422 
by pneumonectomy, radical, 333, 336- 
341, 348-349, 386, 409 
with resection of part of chest wall, 
347-348, 411-412 
technic of, 341-347 
through anterior approach, 350- 
360 

by pneumonectomy, simple, 333, 334, 
402, 422, 446 

preoperative and postoperative care in 
See Thoracic and mtrathoracic 
tumors 

prone position for, 366-370 
by segmental or wedge resection, 381, 
402, 422 


Lung, carcinoma of ( Conld .) 

undifferentiated, 252, 330-331, 332, 406, 
410, 429, 443 

chondroma of, 306, 310, 470-471 
cyst, ahcolar, of, 316-317, 381 
edema of, postoperative, 286-287 
fibrosarcoma of, 468-469 
fibrosis of, postirradiation, 162 
hamartoma (bronchioma) of, 257-258, 306, 
310-313, 371, 381, 470-471 
hemangioma of, 259, 381, 471 
lymphatic drainage of, 249, 250, 336-339, 340, 
386-391 

See also Lymph nodes, mediastinal and 
tracheobronchial and of hilus 
lymphosarcoma of, 469-470 
mesenchymal tumors of, 310 
mesothelioma of, 258-259, 443 
metastatic tumors of, 324, 406-407, 413-423 
from carcinoma, of bowel, 413 
of breast, 161-162, 183, 408 
from hypernephroma, 413, 423, 455 
metachronous, 416-417, 418-420 
precocious type of, 414-416 
from sarcomas of soft tissues, 413 
solitary, 406, 413, 414, 423 
synchronous, 416-417, 420-421 
symptoms and diagnosis of, 414, 418 
treatment of, 371, 381, 418-421 

exploratory thoracotomy and resection, 
421-422 

contraindications to, 421 
results of, 422-423 
surgical procedures for, 422 
neurogenic tumors of, 470 
Pancoast syndrome. Sec Superior sulcus tumor 
physiology of, 266-267 

alterations in, during surgical operation, 
267-269 

preoperative evaluation of, 280 
radiation reactions in, 162, 170 
sarcoma of, 302, 306, 468-469 
metastatic, 413, 421, 423 
superior sulcus (thoracic-inlet) tumor of, 255- 
jsn.uM 


prognosis of, 456, 461-463 
symptoms of, 459-461 
treatment of, 411, 446 
radiation, 456-457, 461-463 
surgical, 333, 461-463 
veins of, 377-378 

See alio Bronchus and Thoracic and intra- 
thoracic tumors 

Lymph nodes, axillary, 97, 144-145 

in carcinoma of breast, 20-21, 22, 23, 25, 
26, 50, 83, 109-110, 117-121, 167 
dissection of, 29, 40-41, 99-105, 123-124, 
129, 133 

irradiation of, 154, 157, 158-159, 160, 
161, 163, 167-169, 171-176 
in male, 240 
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Hormonal factors, in carcinoma of breast ( ConlJ .) 
in male, 203-204, 236 
in gynecomastia, 232, 234 
in hypertrophy of breast, 65, 66 
in mastitis, chronic, 52-53, 55, 56, 57, 58 

Hormonal therapy, of carcinoma of breast. See 
Breast, carcinoma 
of gynecomastia, 235 

, . 56 

tm, 481 

' s,„, 64, 65-66 

in male. See Gynecomastia 

Incidence, of adenoma, bronchogenic, 256 
of bronchogenic cyst of mediastinum, 478-479 
of carcinoma, of breast, 3, 14 
bilateral, 45-46 
in male, 236 
of lung, 249-250, 323 
bronchiolar, 464 
of gynecomastia, 231 
of hygroma, cystic, of mediastinum, 481 
of lipoma of mediastinum, 481 
of liposarcoma of breast, 223 
of lymphedema of arm, postmastectomy, 143 
of lymphosarcoma of lung. 469 
of mastitis, chronic, 51-52 
of mesothelioma, pleural, 472 
of sarcoma, of breast. 214 
in male, 229, 238 
of lung, 468-469 

of superior sulcus tumor of lung, 461 
of tumors, of breast, benign, 65 
of heart, 509 
of mediastinum, 477, 483 
of trachea, 290-291 

Inflammatory carcinoma of breast, 13-14, 169 

International Union Against Cancer classification 
of breast cancer, 6-7 

Interscapulomammothoracic amputation for 
breast cancer, 133-142 

Leiomyoma of esophagus, 531-534, 536, 538, 
539, 540, 541 

Leiomyosarcoma of esophagus, 537, 543 

Leukemia of breast, 227 

Lipoma, of breast, 81 
of bronchus, 306 
of chest wall, 265, 519 
of heart, 505 
of lung, 310 

of mediastinum, 264, 481-482 
of trachea, 292 

Liposarcoma of breast, 223, 224, 229 

Liver, dysfunction of, and gynecomastia, 234, 235 
metastatic tumors of from cancer, of breast, 
183, 201 

of lung, 252, 253, 468 

Lobectomy, radical, 333, 334, 385-391 
definition of, 385 


Lobectomy, radical ( Conid .) 
indications for, in cancer of lung, primary, 
371, 401-406, 408-409 
in lung tumors of ambiguous nature, 406- 
407 

rationale of, 385-386 
results of, 407-408 
technics of, 391-400 

Lobectomy, simple, for benign tumor, of 
bronchus, 309-310, 371 
of lung, 315, 371 

for cancer, of lung, 333, 334, 340, 350, 371, 
402, 468 

metastatic, 371, 422 
for cysts, of bronchus, 316 
of lung, 317 

physiologic alterations after, 269 
postoperative care, 281-286 
postoperative complications of, 286-289 
results of, 383-384 
technics of, 279-383 

See also Thoracic and intrathoracic tumors 
Lung, adenocarcinoma of, 252, 330-331, 332, 
432, 443 

anatomy (surgical) of, 371-379 
angioma racemosum of, 314 
arteries of, 371-377 
arteriovenous aneurysm of, 259, 471 
arteriovenous fistula of, 381, 471 
benign tumors of, central bronchial. See 
Bronchus 

peripheral, 310-311 

treatment of, by enucleation resection, 
311-313 

by lobectomy, simple, 315, 371, 379-381 
by pneumonectomy, 315 
by segmental resection, 314-315, 381-383 
by wedge excision, 313-314 
carcinoma of, 249-254, 311, 316, 323-335 
and blood vessel invasion, 253, 331-332, 
403-404, 405 

bronchiolar (alveolar cell), 254-255, 373, 
464-468 

treatment and prognosis of, 468 
and chest wall involvement. See Chest wall 
diagnosis of, 323-324, 325 
histologic types of, 252, 330-331, 410 
incidence of, 249-250, 323 
metastasis from, 252-254, 325, 328, 331-332, 
339-341, 383-384, 385-386, 390-391, 
403-409, 411 

oat cell, 252, 405, 429, 443, 451 
operability and resectability of, 325-327, 
334-335, 402, 450 

phrenic or recurrent nerve paralysis in, 339, 
421 

prognosis and end results of, 126-127, 129, 
328, 334-335, 348-349, 383-384, 385- 
386, 407-408, 431-434, 442-448, 455- 
456 

factors influencing, 328-332, 411-412 
in metastatic tumors, 408, 422-423 
in untreated tumors, 324-325 
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Metataus, from adcnofibrosarcoma of breavt. 217 
from adenoma of bronchus, 257, 318, 320 
from carcinoma, of breast. See Breast, 
carcinoma 

of esophagus, 544*545 
of lung. See Lung, carcinoma 
bronchiolar (alveolar cell), 255, 463 
from carcinosarcoma of breast, 229 
from fibrosarcoma of breast. 219 
from hemangioendothelioma of breast, 222 
from liposarcoma of breast, 223 
from mesothelioma, pleural. 259, 473 
from myosarcoma of breast. 224 
from sarcoma, of breast, 214 
in male, 229 
of heart, 504 

from tumors of trachea, 290, 294 
Myasthenia gravis and thymic tumors, 265, 490. 
491*492, 494, 496 

preoperauve and postoperative care in, 496* 
500 

Myosarcoma of breast, 223*224 
Myxoma, of heart, 501*503. 504 
intracanalicular, of breast, 12, 78*80 


Neuroblastoma of mediastinum, 485 
Neurofibroma, of heart, 508 
lung. 470 

of mediastinum, 260, 484-485 
Neurogenic tumors, of chest wall. 518-519 
lung, 470 

of mediastinum, 260. 481, 483-485 

Oophorectomy, bilateral, for carcinoma of 
Orrt,; . brcas,t ,4 - 182-187, 202 

ectomy, bilateral, carcinoma of breast. 203- 
ft5t , . 204, 238-239 

osteochondroma of trachea, 292 

Paget's carcinoma of breast. 13 
p ,n male, 237 

PatJiHnm See Superior sulcus tumor 

I™ 3 , brcas *. intraductal, 12, 56, 70-74 
>n male, 237, 238 
trachea, 291-292 
C ,V.1 ar , dlUm ’ cysts of, 480 
resert Cment of \ ‘ n ,ung ca ncer, 254 

•on of, in removal of intrathoracic 
tumnr J umors > 3 28, 411, 513, 514 
m ° rs of, metastatic, 508-509 
P.tu ? nmary ' S . 07 

* ^ ab ! a,ion ^ or carcinoma of breast, 188- 
Pleurnmw. 191 ’ 202 ‘203, 204, 205-213 
PneuZ?. ? K)nectomy ’ technic of. 473-474 

ectomy, radical, for carcinoma of lung, 
result- „ f ,2, 336 * 341 - 348-349, 386, 409, 468 
E?™ of - 333. 348, 386 

niCS 3gj tbrougb anterior approach, 350- 
J «ft side, 346-347 

V ’ Uh of part of chest wall, 347- 

348, 411*412 
nsht side, 341-346 
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Pneumonectomy, simple, for benign tumor, of 
bronchus, 309-310 
of lung, 315 

for cancer of lung. 333. 334, 402, 446 
metastatic. 422 
for cyst of bronchus, 316 
physiologic alterations after, 268-269 
postoperative care, 281*286 
postoperative complications of, 286*289 
See also Fhoracic and intrathoracic tumors 
Pneumothorax, spontaneous, 317 
Portmann classification of breast cancer. 5 
Postopcratisc care, in bronchogenic tumors, 
benign, 309 

after esophagectomy, 559-562 
after mastectomy*, radical. 107-108, 117, 126 
in myasthenia gravis, 496-500 
after thoracic and intrathoracic surgery, 267- 
269, 281-286, 346 

Postoperative complications, of endoscopic re- 
moval of pulmonary adenoma, 321- 
322 

of esophagectomy, 560-562 
of mastectomy, radical, 131*132, 149*150 
See also Lymphedema 
of pneumonectomy, radical, 346 
of thoracic and intrathoracic surgery, 267*269, 
286-289 

Pregnancy, and adenoma of breast, 74 
and cancer of breast, 26-28, 40, 46, 225 
Preoperative care, in myasthenia gravis, 496-500 
in operations on esophagus, 559, 561 
in thoracic and intrathoracic surgery, 279-281, 
307-308 

Prognosis and end results, in adcnofibrosarcoma 
of breast, 217-218 
in adenoma of breast, 78 
in bronchiolar cancer of lung, 468 
in carcinoma, of breast. See Breast, carcinoma 
in male, 238 

of esophagus, 562-563, 571-572, 595-599, 
608-612, 617-620 
of lung. See Lung, carcinoma 
in carcinosarcoma of breast, 229 
in fibrosarcoma of breast, 220-221 
in gynecomastia, 235 

in hemangioendothelioma of breast, 222-223 
in leukemia of breast, 227 
in lipoma of mediastinum, 482 
in liposarcoma of breast, 223 
in lymphosarcoma of breast, 225-226 
in myosarcoma of breast, 224 
in papilloma of breast, 74 
in sarcoma, of breast, 214-215, 229 
of chest wall, 518 

in superior sulcus tumor of lung, 461-463 
in tumors of esophagus, benign, 540-542 
Prone position in thoracic surgery, 366-370 

Radiation therapy, in bronchiolar (alveolar-cell) 
carcinoma of lung, 468 
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Lymph nodes, axillary (Contd.) 
in carcinosarcoma of breast, 229 
Hodgkin’s disease of, 227 
lymphosarcoma of, 225 
cervical, involvement of, in cancer of esopha- 
gus, 544 

internal mammary, 97-98, 240, 241 
in carcinoma of breast, 109-112, 167 
biopsy of, 110 

dissection of, 29, 40-41, 99, 112-117, 117- 
121, 122-129 

irradiation of, 167-169, 170-171 
radioisotopic, 164-166 
mediastinal, 240, 241, 249, 336-338, 386 
in carcinoma, of breast, 122-123, 131, 170 
dissection of, 99, 123, 125-129, 132 
of esophagus, 544-545 
of lung, 252-253, 331, 339-341 
dissection of, 341-346, 346-347, 348- 
349, 350, 386, 398-399, 402, 406 
irradiation of, 454-455 
endothelioma of, 486 
Hodgkin’s disease of, 265, 486 
lymphosarcoma of, 486 
of pulmonary hilus, 249, 331, 337, 338, 387- 
388 

dissection of, 341-346, 346-347, 350, 386, 
402, 406 

"RotterV 96-97, 240, 242 
supraclavicular, in carcinoma of breast, 122- 
123, 131, 133, 167 

dissection of, 29, 30, 31, 41, 99, 124-125, 
129, 132, 137 

irradiation of, 154, 158-159, 160, 162, 163, 
169 

tracheobronchial, 249, 336, 337, 339, 386-387 
in carcinoma, of esophagus, 544 
of lung, 252, 391, 409 

dissection of, 342-347, 392-396 
Lymphangioma, of heart, 506 
of mediasUnum, 264, 481 
Lymphatics, of breast, 95-99, 110, 144-145 
in male, 239-241 
of esophagus, 544-545 

of lung and thorax, 249, 250, 336-339, 340, 
386-391 

See also Lymph nodes 

Lymphedema of arm, postmastectomy, 143-153 
pathogenesis of, 108, 145-149, 162 
treatment of, prophylactic, 149-150 
surgical, 142, 151-153 
Lymphosarcoma, of breast, 225-226 
of lung, 469-470 
of mediastinum, 252, 486 
of thymus, 489 

Mastectomy, radical, for carcinoma. See Breast, 
carcinoma 

for carcinosarcoma, 229 
for liposarcoma, 223 
in male, 229 


Mastectomy, radical {Contd.) 
for lymphosarcoma, 225 
in male, 229 

Mastectomy, simple, for benign lesions, 60, 74 
for carcinoma. See Breast, carcinoma 
for cystosarcoma phylloides, 80, 217 
for fibrosarcoma, 219 
for gynecomastia, 235 
for hemangioendothelioma, 222 
for myosarcoma, 224 
for sarcoma in male, 229 
Mastitis, chronic, and cancer of breast, 16, 58, 
60-61 

classification of, 51 
diffuse, 55-56 
etiology of, 52-53 
examination of breast in, 53-55 
incidence of, 51-52 

localized lesions of, adenomammectomy for, 
61-64 

cystic, 16, 55, 57-58 
indurative, 11-12, 58 
in male, 238 
with secretion, 56-57 
solid, 57, 58-59 

local excision of, 59-60 
mastectomy, simple, for, 60 
MediasUnum, carcinoma of, 488 
chondroma, chondromyxoma, chondromyxo- 
sarcoma of, 483 
cysts of, 262-264, 477-481 

bronchogenic (ciliated epithelial), 478-480 
dermoid, 477 
ecchinococcus, 481 

esophageal, and duplicaUons, 480-481 
gastric and enteric, and duplications, 480 
incidence and locaUon of, 477 
pericardial, 480 
symptoms of, 479-480 

displacement of, postpneumoneefomy, 268- 
269, 282 

endothelioma of, 486 
fibroma of, 483 

Hodgkin’s disease of, 265, 486, 487 
hygroma, cystic, of, 486 
lipoma of, 264, 481-482 

lymph nodes of. See Lymph nodes, medtasUnal 
lymphangioma of, 264, 481 
lymphosarcoma of, 252, 486 
sarcoma of, 485-486 
tumors of, classification of, 259, 476 
connecdve tissue, 481-486 
incidence and location of, 476, 477 
metastatic, 265 

neurogenic, 260, 481, 483-485 
symptoms of, 476-477 
teratoid, 260-262, 477 
xanthoma of, 483 

See also Thoracic and intrathoracic tumors 
and Thymus 

Medullary carcinoma of breast, 8, 13, 23 
Mesenchymal bronchial tumors, 310 
Mesothelioma, pleural, 258-259, 443, 471-475 
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Surgical treatment (ContJ.) 
of cysts, of breast, 58 
of bronchus, 316 
of lung, 317 

of mediastinum, 480, 481 
of fibrosarcoma of breast, 218-219 
of g>nccomastia, 235 

of hamartoma (bronchioma) of lung, 471 
of hygroma, ostic, of mediastinum, 481 
of lipoma of mediastinum, 482 
of Iiposarcoma of breast, 223 
of lymphedema of arm, poslmastcctomy, 142, 
151-153 

of lymphosarcoma, of breast, 225 
of lung, 469-470 

of mesothelioma, pleural, 473-475 
of myosarcoma of breast, 224 
of sarcoma of breast, 214 
of superior sulcus tumor of lung, 333, 411, 
461-463 

of tumors, benign, of breast, 59-60, 61-64, 
66-70, 73-74, 78 
of bronchus, 308-310, 320, 322 
of esophagus, 536-542 
of lung, 302, 311-315, 320, 322, 371, 379- 
383 

of chest \sall. See Chest wall 
of heart, 511-515 
of mediastinum, neurogenic, 485 
of th>mu$, 494-496 
of trachea, 290, 296-300 
Sweat gland cancer of breast, 12-13, 237 

Teratoma, of breast, 228 
of mediastinum, 260-262, 477 
of pericardium, 507-508 

Thoracic inlet, tumor of See Superior sulcus 
tumor 

Thoracic and intrathoracic tumors, classification 
and dissemination of, 249-265, 339- 
341 

surgical treatment of, anesthesia for, 270-278, 
302-306 

agents for, 275-277 
maintenance of, 277-278 
management of secretions during, 273- 
274, 366 

reflex disturbances, control of, 274-275 
ventilation in, 271-273 
anterior approach for, 350-365 
contraindications to, 279 
drainage of pleural cavity in, 282, 346, 399- 
400 

intrapleural pressure, control of, 282-283 
physiologic considerations in, 267-269, 280 
postoperative care in, 281-286, 346 
postoperative complications of, broncho- 
pleural fistula, 283, 287-288 
cardiac, 286 


Thoracic and intrathoracic tumors, surgical treat- 
ment of, postoperative complications of (Could.) 
emphysema, 268, 269, 282, 283, 346, 400 
infection, 287 

phlebitis and thrombosis, 288-289 
pulmonary edema, 286-287 
preparation of patient for, 279-281 
prone position for, 366-370 
contraindications to, 370 
See also Bronchus and Lung and Mediastinum 
and Thymus 

Thoracotomy, incisions for, 467 
Thymoma. See Thymus gland, tumors 
Thymus gland, 264, 489 

tumors of, benign, 264, 489, 492-493 
classification of, 489-490 
clinical features of, 490 
malignant, 264-265, 486, 489, 490, 492-493 
and myasthenia gravis, 265, 490, 491-492, 
494, 496 

prcopcraltvc and postoperative care in, 
496-500 

pathology of, 492-494 
radiographic appearance of, 261-262, 490- 
492 

treatment of, 494-496 
Torek esophagectomy, 574, 575, 579 
Trachea and bifurcations, adenocarcinoma of, 
294-295 

adenoma of, 290. 291, 296, 318, 320 
carcinoid type of, 294 

carcinoma (squamous-ccll) of, 290, 291, 292- 
293, 299 

cylindroma of, 290, 291, 293-294, 298-299 
experimental studies on, 300-301 
hemangioendothelioma of, 291, 295 
lymph nodes of. See Lymph nodes, tracheo- 
bronchial 

osteochondroma of, 292 
papilloma of, 291-292 
tumors of, benign, 291-292 
histone review of, 290-291 
incidence of, 290-291 
malignant, 292-295 
symptoms and diagnosis of, 295-296 
treatment of, endoscopic, 290, 293, 296 
radiation, 296 
surgical, 290, 296-300 

Veins, axillary, obstruction of, and post- 
mastccomy lymphedema, 146-149 
bronchial, anatomy of, 378 
pulmonary, anatomy of, 377-378 
in spread of cancer, 253, 331-332, 403-404 

Windeyer classification of breast cancer, 5 

Xanthoma, of lung, 310, 311, 312 
of mediastinum, 483 
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Radiation therapy (Could.) 
in carcinoma, of breast, and estrogenic therapy, 
198-199 

high energy (supcrvollage x-ray, tclcco- 
balt), 154, 167-177 

to internal mammary nodes, 164-166, 167- 
169, 170-171 
in male, 238-239 

orthovoltagc (x-ray), 14, 37, 41-45, 50, 
154-165 

to ovaries, 184-185 
to pituitary gland, 188-189 
with radium and radon, 155, 161, 162-163, 
176, 238 

results of, 42, 43-45, 155, 156, 163-165, 
166 

of esophagus, 591*621 
high energy (supervoltage x-ray, teleco- 
balt, betatron), 599, 61 1-620 
technic of (roentgen rotation), 614-616 
orthovoltage (x-ray), 594. 595, 597-59 9 
rotation, 599, 600-610 
radioisotopic, 593-594, 614, 619 
with radium and radon, 592-595, 596-597 
results of, 595-599, 607-610, 617-620 
of lung, endoscopic (radium), 425 

high energy (supcrvoltage x-ray, teleco- 
balt), 425, 435-448, 468 
complications of, 443 
technic and factors of, 439-442 
interstitial, 333, 334, 425, 449-458 
complications of, 449-450 
methods of, 452-455 
radioisotopes for, 450-452 
with radium, 449-450, 450-451, 452- 
453, 455 

orthovoltagc (x-ray), 332, 334, 424-434, 
450 

results of, 431-434, 443-446, 446-448, 
455-456, 458 

in fibrosarcoma of breast, 219 
in Hodgkin’s disease of breast, 227 
in leukemia of breast, 227 
in liposarcoma of breast, 223 
in lymphosarcoma, of breast, 225 
of lung, 469 
of mediastinum, 486 
in mesothelioma, pleural, 475 
in sarcoma, of breast, 214 
of chest wall, 517-518 

in superior sulcus tumor of lung, 446, 456- 
457, 461-463 

in tumors, of thymus, 494 
of trachea, 296 

Radiographic study, in adenoma of bronchus, 320 
in arteriovenous aneurysm, pulmonary, 259 
in cancer, of breast, 17, 18 
of lung, 323-324, 325 
bronchiolar, 466 
metastatic, 413, 414, 417 
in cysts, of bronchus, 316 
of lung, 317 

of mediastinum, 477, 480, 481 


Radiographic study (Could.) 
in mesothelioma, pleural, 473 
preoperative and postoperative, in chest sur- 
gery, 280, 285 

in superior sulcus tumor of lung, 459 
in tumors, of chest wall, 516-517 
of esophagus, 534-536 
of lung, benign, 310-311 
of mediastinum, 261-262, 482, 483, 486 
of thymus, 261-262, 490-492 
of trachea, 295-296 

Radioisotopic therapy, of cancer, of esophagus, 
593-594. 614, 619 
of lung, 437-438, 446, 449-458, 469 
of internal mammary lymph nodes in breast 
cancer, 165-166 
of mesothelioma, pleural, 475 
of pituitary gland in breast cancer, 188 
Radium therapy. See Radiation therapy 
Rhabdomyoma of heart, 505-506 
Roentgen therapy. See Radiation therapy 

Sarcoma, of breast, 214-229 

arising in nearby structures, 229-230 
in male, 229, 238 
of bronchus, 306 
of chest wall, 517, 518 
Ewing’s, 517-518 
of heart, 503-505, 508, 510-511 
of lung, 302, 306, 468-469 
metastatic, 413, 421, 423 
of mediastinum, 485-486 
Scirrhous carcinoma of breast, 8, 13, 237 
Segmental or wedge resection, pulmonary, for 
benign tumors and cysts, 314-315, 
316, 317, 381 

for carcinoma, 381, 402, 422, 468 
technic of, 314-315, 381-383 
Sex incidence, of adenoma of bronchus, 256, 
319-320 

of carcinoma of lung, 280, 291, 329 
bronchiolar, 466 
of sarcoma of breast, 214 
of superior sulcus tumor of lung, 461 
of tumors, of esophagus, benign, 541 
of thymus, 490 
of trachea, 291 

Steinthal classification of breast cancer, 4-5 
Superior sulcus tumor of lung, 255, 459-461 
treatment of, 333, 411, 446, 456-457, 461-463 
Surgical treatment, of carcinoma, of breast See 
Breast, carcinoma 

of esophagus, 543-559, 564-573, 575-590 
of lung. See Lung, carcinoma 
of carcinosarcoma of breast, 229 
of chondroma and chondromyxosarcoma of 
mediastinum, 483 

of cystosarcoma pbylloidcs of breast, benign, 

80 

malignant, 217 




